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About the Cover

Th-ING was developed by LDRD researchers Jaqueline Kiplinger and Thibault Cantat as a straightforward, cost-effective,
and safe method to produce thorium. Thorium is an element discovered in 1828 that is capable of producing more
energy than both uranium and coal using significantly lower quantities. This element is only slightly radioactive, making
it an excellent candidate for a future sustainable energy source. Before Th-ING, thorium could only be produced in
hazardous settings at unreasonably high prices. This new method involves reacting thorium nitrate with aqueous
hydrochloric acid under mild conditions, which can be performed using conventional glassware in a traditional laboratory
setting. Then, a novel combination of anhydrous hydrochloric acid and trimethylsilyl chloride is used to remove
coordinated water molecules, replacing them with dimethoxyethane to make the new thorium chloride reagent. The
process cuts costs of production from $5,000 per kilogram to a mere $30 per kilogram and is “green” —as it does not
produce wasteful solvent ring-opening/polymerization or waste thorium (95 percent production yields). With Th-ING,
thorium becomes a practical and reliable source of energy for the future. This technology won a 2011 R&D 100 award.
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The Los Alamos National Laboratory strongly supports academic freedom and a researcher’s right to publish; therefore,
the Laboratory as an institution does not endorse the viewpoint of a publication or guarantee its technical correctness.
With respect to documents available from this server, neither the United States Government nor the Los Alamos
National Security, LLC., nor any of their employees, makes any warranty, express or implied, including the warranties

of merchantability and fitness for a particular purpose, or assumes any legal liability or responsibility for the accuracy,
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recommendation, or favoring by the United States Government or the Los Alamos National Security, LLC. The views
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the Los Alamos National Security, LLC., and shall not be used for advertising or product endorsement purposes. Unless
otherwise indicated, this information has been authored by an employee or employees of the Los Alamos National
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the U.S. Department of Energy. The U.S. Government has rights to use, reproduce, and distribute this information. The
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reproduced on all copies. Neither the Government nor LANS makes any warranty, express or implied, or assumes any
liability or responsibility for the use of this information.
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Structure of this Report

In accordance with U.S. Department of Energy Order (DOE) 413.2B, the Laboratory Directed Research and Development
(LDRD) annual report for fiscal year 2011 (FY11) provides summaries of each LDRD-funded project for the fiscal year, as
well as full final reports on completed projects. The report is organized as follows:

Overview: An introduction to the LDRD Program at Los Alamos National Laboratory (LANL), the program’s structure
and strategic value, the LDRD portfolio management process, and highlights of outstanding accomplishments by LDRD
researchers.

Project Summaries: The project summaries are organized first by science and technology categories: Physics, Chemistry
and Material Sciences, Environmental and Biological Sciences, Information Science and Technology, and Technology.
Within each category, summaries are organized by LDRD component: Directed Research (DR) projects first, Exploratory
Research (ER) second, and Postdoctoral Research and Development (PRD) projects last. Full final reports are included at
the end of each section.

Projects are listed in numerical order according to their project identification number, which consists of three parts. The
first is the fiscal year in which the project began; the second is a unique numerical identifier; and the third identifies the
project component.
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by William Priedhorsky, LDRD Program Manager

R & Dis one of the best investments a country can make. As quoted in Rising Above the Gather-

ing Storm, Revisited, “Robert Solow received a Nobel Prize in economics in part for his work
that indicated that well over half of the growth in United States output per hour during the first half of the
twentieth century could be attributed to advancements in knowledge, particularly technology.” The impact of
research and development (R&D) has only continued to grow in the half century since.

America competes with the world not only economically, but also in the hard currency of national security. A
small but critical fraction of the nation’s investment in national security — less than 10% — is R&D. Indeed, sci-
ence and technology are arguably the nation’s best option for advantage against our adversaries.

Los Alamos National Laboratory has contributed to national security since 1943. Our mission is to develop
and apply science and technology to

e ensure the safety and reliability of U.S. the nuclear deterrent,
¢ reduce the threat of weapons of mass destruction, proliferation, and terrorism, and
¢ solve national problems in defense, energy, environment, and infrastructure.

These missions demand that we anticipate, innovate, and deliver to solve the unsolved and know the un-
known. We seek innovation that can drive breakthroughs in mission performance, whether that mission
demands prediction of weapons aging, the remediation of legacy contamination, or the mitigation of trans-
national terrorism.

At Los Alamos, LDRD is an open market for ideas, inspired by mission. We succeed because of the diversity
of our investments, which mix applied and fundamental research. Although no single project can guarantee
results, the aggregate results of LDRD investment drive the Laboratory forward. Margaret Thatcher spoke

in 1988 about the powerful but unpredictable benefits of R&D: “...although basic science can have colossal
economic rewards, they are totally unpredictable. And therefore the rewards cannot be judged by immediate
results. Nevertheless, the value of Faraday’s work today must be higher than the capitalization of all shares
on the stock exchange... . The greatest economic benefits of scientific research have always resulted from
advances in fundamental knowledge rather than the search for specific applications ... transistors were not
discovered by the entertainment industry ... but by people working on wave mechanics and solid state phys-
ics. [Nuclear energy] was not discovered by oil companies with large budgets seeking alternative forms of
energy, but by scientists like Einstein and Rutherford...”

Our missions require breadth and depth in science and technology. Their complexity demands a span of
excellence that crosses nearly every discipline in science. For example, the core nuclear weapons program
demands prediction and control of materials in extreme conditions, computing at the petascale and soon the
exascale, the understanding of turbulent fluid flow, miniaturized smart sensors, and advances in nuclear and
high-energy density physics.

By investing in LDRD, Los Alamos builds its vision: to be the National Security Science Laboratory of choice,
ready to take on whatever complex issue the nation asks of us.
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NATIONAL ACADEMY
OF SCIENCES

“The study committee recommends that
Congress and NNSA maintain strong support
of the LDRD program as it is an essential
component of enabling the long-term viability
of the Laboratories.”

Committee to Review the Quality of the Management and of the Science and
Engineering Research at DOE National Security Laboratories

Laboratory Directed Research and Development is the
most prestigious source of research and development
funding at the Los Alamos National Laboratory. It follows
a strategic guidance derived from the missions of the U.S.
Department of Energy, the National Nuclear Security Ad-
ministration, and the Laboratory. To execute that strategy,
the Los Alamos LDRD program creates a free market for
ideas that draws upon the bottom-up creativity of the
Laboratory’s best and brightest researchers. The combi-
nation of strategic guidance and free-market competition
provides a continual stream of capabilities that position
the Laboratory to accomplish its missions.

The LDRD program provides the Laboratory Director with
the opportunity to strategically invest in forward-thinking,
potentially high-payoff research that strengthens the Labo-
ratory’s capabilities for national problems. Funded in FY11
with approximately 6% of the Laboratory’s overall budget,
the LDRD program makes it possible for researchers to pur-
sue cutting-edge research and development. This in turn
enables the Laboratory to anticipate, innovate, and deliver
world-class science, technology, and engineering.

Program Structure

The LDRD program is organized into three program com-
ponents with distinct institutional objectives: Directed
Research (DR), flagship investments in mission solutions;
Exploratory Research (ER), smaller projects that invest in
people and skills that underpin key Laboratory capabili-
ties; and Postdoctoral Research and Development (PRD),
recruiting bright, qualified, early-career scientists and
engineers. In FY11, the LDRD program funded 291 projects
with total costs of $139.7 million. These projects were
selected through a rigorous and highly competitive peer-
review process and are reviewed formally and informally
throughout the fiscal year.

Directed Research
The DR component makes long-range investments in
multidisciplinary scientific projects in key competency or

technology-development areas vital to LDRD’s long-term
ability to execute Laboratory missions. In FY11, LDRD
funded 50 DR projects, which represents approximately
55% of the program’s research funds. Directed Research
projects are typically funded up to a maximum of $1.7M
per year for three years.

The DR component is guided by the LDRD Strategic Invest-
ment Plan, which is in turn guided by eight Grand Challeng-
es that define the advances in science and technology that
are needed to address Los Alamos missions. These chal-
lenges were originally set out in the Los Alamos National
Security LLC contract and refined in a Laboratory-wide
workshop. The Grand Challenges have evolved in their
four years in response to an ever-changing world. Figure

1 shows how the Grand Challenges align with the Labora-
tory’s three “Science that Matters” thrusts.

Materialsifor,
the Future

Information,
Science, and

Technology

Science
of
Signatures

Figure 1: Grand Challenges guide LDRD investments in
Directed Research.
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Exploratory Research

The ER component is focused on developing and maintain-
ing technical staff competencies in key strategic disciplines
that form the foundation of the Laboratory’s readiness

for future national missions. Largely focused on a single
discipline, ER projects explore highly innovative ideas that
underpin Laboratory programs. In FY11, LDRD funded 138
ER projects, which represents approximately 33% of the
program’s research funds. Exploratory Research projects

for three years.

Unlike DR proposals, division endorsements are not
required for ER proposals; instead, this component of the
LDRD program is operated as an open and competitive
path for every staff member to pursue funding for his/

her great idea. The ER component is a critical channel for
purely bottom-up creativity at the Laboratory. Nonethe-
less, it is strongly driven by mission needs via the definition
of the 12 ER research categories, and the assignment of

are typically funded up to a maximum of $375K per year investment between them.

First Z bosons ever produced and reconstructed in heavy ion collisions

The Z boson is an electrically neutral subatomic particle that mediates the weak nuclear force. It has a mass
182,000 times that of the electron. Unlike the other weak force mediator (the W boson), the Z boson does not
change particles it interacts with into other types of particles.

During the lead-lead collisions at the unprecedented energy of 2.76 GeV (a factor 14 higher than at the Relativ-
istic Heavy lon Collider) at the Large Hadron Collider at CERN in November, Los Alamos researchers participated
in data collection at the Compact Muon Solenoid (CMS) experiment and began data analysis. Their goal is to
understand the quark gluon plasma on a quantitative level.

On November 9, the CMS heavy ion dilepton group, convened by Subatomic Physics (P-25) postdoctoral re-
searcher Catherine Silvestre, found the first Z boson ever produced and reconstructed in heavy ion collisions.
The Los Alamos team was responsible for including the Z° measurements in the CMS heavy ion Technical Design
Report enabled by LDRD funding that began in 2006. Preparation for the current dilepton analysis was made
possible by a second LDRD project started in 2009. Part of the funding supports theoretical predictions of Z° and
hadronic jet productions. A CERN seminar on the first results from heavy ion collisions was held on December 2,
2011. The CMS talk featured a preliminary dimuon mass spectrum with 27 identified Z bosons. The manuscript in
preparation, “First Unambiguous Measurement of Jet Fragmentation and Energy Loss in the Quark Gluon Plas-
ma,” was led by principal investigator Gerd Kunde.

CMS./ CMSE Experiment at LHC, CERN

,;-’/- Datz led: Tue Nov 9 23:51:56 2010 CEST
257/ RunEvent: 160590 / 776435

# | Lumisection; 183

The first Z boson candidate

%L\ ) reconstructed in heavy ion
; < collisions. The figure shows
~

the calorimetric and charged
particle tracking response to a
lead-lead collision in the CMS
\ detector plus the two muon
tracks from the Z° decay.

[Muon D, pt: 29.7 GeV|

[Muon 1, pt: 3.8 GeV
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Directed Research Grand Challenges Mission Impact

Beyond the Standard Model

Sensitive instrumentation and tools to manipulate massive
data volumes, in support of national security missions

Materials: Discovery Science to Strategic Applications

Energy sources, efficiency and storage; sensing for threat
reduction; materials underpinnings of stockpile security

Complex Biological Systems

Energy, national security, health and the environment

Information Science and Technology

Overarching capability supporting all Laboratory missions

Earth and Energy Systems

Energy and climate security

Nuclear Performance

Stockpile safety, surety and reliability

Sensing and Measurement Science for Global Security

Nuclear weapons of mass destruction, space situational
awareness, global environmental treaty monitoring and
emerging threats

Engineered Systems

Systems-level solutions for all missions

Exploratory Research Technical Categories

Nuclear Physics, Particle Physics, Astrophysics
and Cosmology

Laboratory Capability

Nuclear physics, astrophysics and cosmology

Materials Science

Materials

Earth and Environmental Sciences and Space Physics

Earth and space sciences

Chemistry and Chemical Sciences

Chemical sciences

Engineering Applications

Weapons science and engineering, advanced manufacturing,
sensors, remote sensing and sensor systems

Computational Physics, Applied Math and Knowledge
Sciences

Information and knowledge sciences, computer and
computational sciences

High-Energy Density, Plasma and Fluid Physics

High-energy density plasmas and fluids

Biological Science, Biosecurity and Cognitive Sciences

Biosciences

Quantum and Optical Sciences

Fundamental interactions and excitations in atomic, optical,
and molecular systems

Energy Sciences, Technology and Engineering

Energy sciences, technology and engineering

Computational Co-Design

Stockpile stewardship, molecular dynamics and materials in
extreme environments

Emergent Phenomena in Materials Functionality

Theoretical, computation and modeling, and experimental
methods to understand basic phenomena of materials
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Postdoc Research and Development

The PRD component of the program ensures the vitality
of the Laboratory by recruiting early-career research-
ers. Through this investment, the LDRD program funds
postdoctoral fellows to work for two years under the
mentorship of Pls on high-quality projects. The primary
criterion for selection of LDRD-supported postdocs is the
raw scientific and technical talent and performance of
the candidate, with the exact specialty of the candidate a
secondary factor. In FY11, LDRD funded 77 PRD projects,
which represents 6% of the program’s research funds.
Postdoctoral Research and Development researchers are
supported full-time for two years.

In addition to approximately 63 “Director’s Postdocs,” the
LDRD program supported 15 distinguished postdoctoral
fellows at a higher salary and for a three-year term. Dis-
tinguished postdoctoral fellow candidates typically show
evidence of solving a major problem or providing a new
approach or insight to a major problem; in other words,
they show evidence of having a major impact in their re-
search field. To recognize their role as future science and
technology leaders, these appointments are named after
some of the greatest leaders of the Laboratory’s past.

Even more LDRD-funded postdocs are hired through DR
and ER projects than directly through PRD appointments.
Counting both avenues, the LDRD program supported
57% of the Laboratory’s 580 postdocs in FY11. Among the
DOE labs, the LANL postdoc population is exceeded only
by Lawrence Berkeley National Laboratory, which has a
special relationship with the neighboring University of
California campus.

As the principal pipeline for new technical staff, the health
of the postdoctoral program is of vital interest to the Labo-
ratory. A 2011 analysis revealed strong evidence that the
postdoctoral program is excelling:

e Acceptance rate for Laboratory offers of postdoc ap-
pointments remains high, at 89%

e 68% of US citizen distinguished postdocs selected since
1999 were still at the Laboratory as staff

e The quality of postdocs hired at Los Alamos reveals a
clear upward trend, evidenced by the high numbers of
publications and citations at the time of their hire

Postdocs Supported by Individual LDRD (PRD) Projects
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LDRD Investment in a promising postdoc pays off

Eric Bauer of Condensed Matter and Magnetic Science, is the
recipient of a Presidential Early Career (PECASE) Award for Scien-
tists and Engineers. The award is the highest honor the U.S. gov-
ernment bestows to outstanding scientists early in their careers.
Bauer was honored for his pioneering research in condensed
matter physics through the discovery and synthesis of new ma-
terials, especially strongly correlated and f-electron systems, and
clarifying their novel physical properties. The award also recog-
nizes Bauer’s involvement in outreach activities with students
and the scientific community. He is one of 13 DOE researchers
honored with the award.

Bauer has published more than 200 papers that have been cited
more than 2,500 times, including 24 in Physical Review Letters,
two in Science, and three in Nature. Bauer is principal inves-
tigator of an LDRD project on “Understanding and Controlling
Complex States of Matter in New Iron-Arsenide Superconductors
through Strain and Disorder.” Bauer joined the Laboratory in 2002
as a Director’s Postdoctoral Fellow, funded by the LDRD program.

Two of the world’s leading intermetallic
synthesis experts, Eric Bauer (left) and Yuri
Green from the Max Planck Institute for
Chemical Physics, Dresden, discuss their views
on the challenges of material design.

Project Budgets
100
90
80
70
£ 60
2
° 50
% 40 DFY11 BOY
§ 30 ] B FY12 BOY
20 |
10 O

O P PSSO N e ..
%Q%QQQQQQQ FFSLS LSS
NN Q/Q/Q,/“’ /&0;90;00/% QQ’N‘)"@ q”»g ’9”\,‘)"\‘9
o AN S F S QQ’QQ/QQ/Q/ QQ’QQ/
ECEVEN S R

Project budget ($K)

LDRD project sizes have changed little in recent years, except for modest adjustments for inflation. Projects in the
range of $300-$500K annum are single-PI Exploratory Research projects; $1200-$2400K multi-disciplinary Directed
Research projects; and smaller projects are reserve or postdoctoral R&D projects. Project sizes are reviewed annually
by senior management with the goal of keeping projects as small as possible in order to keep their numbers up and

accomplish our diverse strategic objectives.
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Program Reserve

Most LDRD investments are selected in a rigorous, multi-
step peer-review process during the nine months preced-
ing the new fiscal year. However, in a fast-changing world,
there are needs that cannot wait until the next cycle of
competition. The LDRD Program Office holds a reserve
each year for these needs. This reserve is small on a pro-
gram basis, but allows the opportunity to make modest
investments that address new opportunities. In FY11, the
beginning-of-year reserve budget was approximately S6M,
about half of which was held for incoming postdoc and
early career projects.

In FY11 LDRD supported 34 new reserve projects, an un-
usually high number unique to that fiscal year, thanks to an
additional $7M reserve in the second quarter of the fiscal
year. The additional reserve added mid-year was used to
target mission areas in sustainable energy, science of signa-
tures, and materials in extreme conditions.

One project in particular exemplifies how early LDRD in-
vestment enables spectacular results: Andrew Bradbury’s
work to unravel the secrets of how human genes function.
Bradbury and colleagues are developing an automated
pipeline to generate antibodies against human gene prod-
ucts, without using animals. Their work was partially sup-
ported by a 2011 LDRD reserve project, and has resulted in
more than $4 million in funding from the National Insti-
tutes of Health. Bradbury’s related ER project was named
“Most Marketable Technology” at LDRD Day 2011.

Reserve decisions are guided by strategic priorities articu-
lated by Division Leaders, Associate Directors, and more
senior management. They are also informed by the just-
concluded competitive cycle, in which selection panels
sometimes identify ideas that are exciting but just not
mature enough for a full-scale investment. Reserve is held
foremost to exploit opportunity, rather than fix problems,
and the expectation is that reserve projects will be the first
step in a chain that leads to bigger things.

Antibodies in the Fast Lane

A National Institutes of Health (NIH) grant to LDRD researcher Andrew Bradbury of Los
Alamos National Laboratory’s Bioscience Division could help unravel the gnarly secrets
of how many human genes function.

Originally enumerated by the Human Genome Project, the approximately 20,000
genes of the human body have been slow to give up their exact roles. And one of the
best tools for exposing a gene’s function is to take the protein it produces and gener-
ate specific antibodies, usually by vaccinating mice or rabbits. Antibodies are special-
ized proteins the immune system deploys to block the actions of potentially harmful
bacteria and viruses.

By looking at antibodies, researchers can identify where, in a cell, genes are active and
under what conditions they increase or decrease their expression. Antibodies are also one of the fastest growing classes
of new therapeutics, with sales of about $40 billion in 2010.

With the new NIH Common Fund grant of more than $4 million, researchers led by Andrew Bradbury aim to develop an
automated pipeline to generate antibodies against human gene products, without using animals.

Bradbury’s team will use “antibody libraries” expressed in bacteria and bakers yeast. These libraries are enormous, com-
prising billions of different antibodies, and the ultimate goal is to identify antibodies in the libraries that recognize each
human protein. The broad availability of antibodies against all human proteins will facilitate the understanding of human
disease and provide likely targets for therapeutic intervention, with the antibodies themselves potentially becoming
therapeutic leads.

This project will leverage technology developed over the years at LANL, including flow cytometry, antibody libraries and

fluorescent protein technology, and has the potential to create a set of tools applicable to many different problems of
interest to stakeholders beyond NIH, including the U.S. Department of Energy and Department of Defense.
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The Los Alamos LDRD portfolio reflects diversity at all levels, from
innovative projects that span the DOE missions, to a diverse pool of
researchers that range from early career to senior scientist.

LDRD Researchers Across Divisions and Directorates
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Project Selection

The Los Alamos LDRD program
operates as a free market for ideas
driven by Laboratory strategy:
Senior Laboratory leadership set
science and technology priorities,
then open an LDRD competition

for ideas across the breadth of the
Laboratory. Panels formed from the
Laboratory’s intellectual leaders
rigorously review proposals. Conflict
of interest is carefully regulated.
Evaluation criteria include innova-
tion and creativity, potential scien-
tific impact, viability of the research
approach, qualifications of the
team and leadership, and potential
impact on Laboratory missions. The

OUTSTANDING (5)

Work leads its technical field;
outstanding ratio of results to
investment; potential for
revolutionary impact on Los Alamos
Missions; results of project have
spurred follow-on research.

Goob (3)

EXCELLENT (4)

Identifiable impact on mission or
field; results mixed; success would
have a distinct impact on Lab
programs; identifiable early signs of
external recognition

DEFICIENT (1)

Clear differentiation from previous
work; team is making very good
progress; potential for important
impact on mission and technical
field; follow-ons visible within
Laboratory.

FAIR (2)

Quality of research does not meet
national and Laboratory standards;
serious problems with project
execution; anticipated minimal
impact on Lab mission and science;
minimal evidence of external
recognition.

Largely incremental, marginal impact
on mission or field; identifiable lack
of progress; notional connections to
National Security missions; minimal
evidence of external recognition.

selection processes are modeled
on best practices established by the
National Science Foundation (NSF)
and National Institutes of Health
(NIH).

Analysis of FY11 DR project appraisals showed an average

To guarantee fairness and trans-
parency, and to ensure that the
strongest proposals are funded, the
selection panels include managers
and technical staff drawn from the
full range of technical divisions. Serving on an LDRD selec-
tion panel, such as the DR Strategy Team, is often a starting
point on the path to leadership roles in the scientific com-
munity. Past LDRD panelists have gone on to be Laborato-
ry fellows, division leaders, program directors, association
fellows, and chief scientists, while others have transitioned
from the Laboratory to become leaders in academia.

Independent project appraisals validate mission
relevance

In FY11, the LDRD Program Office conducted an appraisal
of every ongoing project it intended to fund in the next
fiscal year. The primary objective is to assess progress and
provide peer input to help Pls maintain the highest quality
of work. The appraisals also help the LDRD Program Office
monitor and manage the program portfolio. In addition to
formal project appraisals, which are conducted annually,
the LDRD Program Director and Deputy Program Director
meet informally with Pls in their labs at least once a year
to discuss their projects. The purpose of these one-on-one
meetings is to give Pls individualized assistance and to de-
termine what the LDRD Program Office can do to positively
impact the success of the project. Each DR project has also
been assigned a Program Development Mentor to assist
the transition of LDRD successes to mission. Any weak-

score of 4.2, which is between excellent and outstanding. This
average reflects 22 appraisals.

nesses are actively addressed. The project leader is asked
to respond to the report with a revised project plan.

Continuing DR projects are appraised every year of the life
of the project, with at least one of the reviews including
external reviewers. The internal-external review is open
to all Laboratory staff and leaders. Four project appraisers
—two internal and two external — are nominated by the PI
and approved by the LDRD Program Director. When pos-
sible, the appraisal is held as part of a broader workshop
hosted by the Laboratory.

Written appraisals, held in the LDRD archives, address:
(1) Brief summary of accomplishments; (2) Assessment
of quality of science and technology, relevance to Labo-
ratory and national missions, progress toward goals and
milestones, project leadership, and the degree to which
the project may establish or sustain a position of scientific
leadership for the Laboratory; and (3) Recommendations
by the committee for changes in the scope or approach
of the project. The criteria for the most important point
—number (2) above — are derived from criteria developed
by the National Academy of Science to assess all federally
sponsored research.

Continuing ER projects are appraised in their first and
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second years. The LDRD Deputy Program Director col-
laborates with the technical divisions to conduct project
appraisals. Like DRs, the projects are appraised according
to the Federal criteria of quality, performance, leadership,
and relevance.

LDRD service provides benefit to all

The mission of the Laboratory is to solve the nation’s most
difficult national security problems. By their nature, these
problems lack a well-defined path to solution. In fact, the
path is often completely unknown. It is rare that such
creative work is done alone; the ideas and results from
many colleagues are needed, often drawn out in confer-
ences, hallway conversations, journals, seminars. LDRD is
an internal arena in which Laboratory staff serve as peer
reviewers and play a key role of interaction in the scientific
process. Proposal selection panelists are chosen for their
subject-matter expertise, and the discussions in which
they engage are not only critical to the LDRD process, but
they also provide an opportunity for panelists to educate
themselves on the latest results and practices, and expose
themselves to opportunities for collaboration. As noted in
an evaluation of peer review conducted by the UK House
of Commons, “Peer review is regarded as an integral part
of a researcher’s professional activity; it helps them be-
come part of the research community.”

The idea that LDRD service benefits both the volunteer
and the Laboratory is supported in a recent statement by
DOE LDRD Program Director John Labarge. “Being on these
review committees is a critical part of being a scientist at a
DOE National Laboratory, and a benefit to both the labo-
ratory and the employee,” he noted. “The Laboratories
encourage all researchers to stay current with the latest
research advances, and this is a good way for them to keep
fresh and thinking in new ways about their research for
DOE.”

In FY11, the Los Alamos LDRD Program Office conducted a
survey of current-year DR and ER panelists to evaluate the
benefit, if any, they received from their LDRD service. The
feedback that resulted from the evaluation was markedly
positive:

“In leading the IST SAP, | was able to better understand the
portfolio of research capabilities in the IST arena and to
identify scientific researchers who could contribute to new
scientific directions in CNLS. An example of note is that |
learned the importance of understanding and quantifying
the human-machine interface as an integral part of ma-
chine learning development.”

“Insight into these newest concepts and ideas in a variety
of fields has enabled me to facilitate the formation of new,
broad teams to attack such problems. Service on these
panels is both critical and unique for this type of activity....
Without a doubt, my expertise in peer review proposals has
primarily grown through service on LDRD review panels.”

“Certainly, | agree that it helped to expand my research
network connections at the lab, but that doesn’t directly
translate into more stable funding for myself... However,
I learned tremendously about leadership skills on how
to manage a team of unique members with diverse view
points and form consensus.”

“I think that the main benefit has been that LDRD service,
especially for DR, has forced me to broaden my knowledge
of the Lab’s key technologies, to include not just how the
technologies work but also to the R&D challenges that exist
as we try to advance them.”

“As a member of the ASC Alliance Strategy Team, helping
theNNSA HQ ASC program manage their university allianc-
es, my service as a SAP chair was useful in identifying com-
monalities and possible links between LANL LDRD research
and academic research.”

“I became aware of some new collaboration possibilities,
and gained some new insights into where my work could
play a role in areas that | hadn’t previously considered.”

“I learned a great deal of about the frontier areas in sci-
ence, many of which are relevant to, but loosely connected
to my own area of specialty.”

“My sense is that there are a relatively few people who
‘know everybody’ around the lab (and thus are valuable in
making connections) ... and the correlation between that
cohort and those who serve LDRD is near [100%)]....| hon-
estly believe I’'m more qualified and capable for my job as
Office of Science Program Director as a result of my service
on the DR strategy team.”

“My knowledge of physics has been broadened, particular-
ly in areas outside [but] close to my areas of responsibility.
This has made me a more valuable manager for LANL.”

“Cross organizational teaming and understanding the work
of other disciplines is certainly a much better recipe for
innovation, which in turn benefits the programs that have
historically paid my salary...I learn, | synthesize new ideas, |
potentially identify beneficial interactions/ collaborations.”
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Mission Relevance

The LDRD Program Office treats mission relevance as one
of the most important criteria in the evaluation of a poten-
tial LDRD project. Mission impact is considered carefully in
project selection. Later, the mission impact of funded proj-
ects is tracked annually through the data sheet process.
Because of the basic science and engineering nature of
most LDRD projects, the work often proves to be relevant
to numerous missions and agencies. In the chart below,
the sum of the total LDRD investment in DOE missions is
significantly greater than the annual LDRD budget because
LDRD investment in a single project is often relevant to
more than one mission area.

Ultra-low field nuclear magnetic resonance technology
developed at Los Alamos with support from LDRD provides
compelling examples of research that has broad-reaching
relevance across many mission areas and sponsor inter-
ests. In addition to the climate applications highlighted
next, the same technology is relevant to neuroscience and
the detection of liquid explosives.

Investigating Tree Mortality with Ultra-Low Field
Nuclear Magnetic Resonance

Los Alamos researchers have observed, for the first time,
that water content can be monitored non-invasively and
unobtrusively in intact trees via ultra-low-field/nuclear
magnetic resonance (ULF NMR). The researchers have seen
evidence of both changes in water content for day versus
night in an aspen tree, as well as the overall decline in
water content as the tree is dying. The work represents a
first in application of the ULF NMR method to the study of
plant function and mortality. Additional validation with tra-
ditionally accepted environmental methods is underway. If
validated, the work appears to represent a first non-inva-
sive look at how water movement changes inside an aspen
tree over time; for example, during the onset of mortality.

The work was accomplished using LDRD Science of Signa-
tures reserve funding. The effort demonstrates that the
combination of Los Alamos’s unique abilities in ultra-low
field magnetic resonance imaging with climate-driven
vegetation mortality research can provide insight into basic
questions of plant function and mortality.

FY11 LDRD Funding to DOE Missions ($M)

Other Federal Agencies |

Dept. of Defense

Dept. Homeland Security

Environmental Responsibility

Scientific Discovery & Innovation

Energy Security

Nuclear Security (Defense Programs) —_

Nuclear Security (all)

SOK $20,000K $40,000K

Project directly addresses identified mission challenge

$60,000K $80,000K $100,000K $120,000K £140,000K

B project builds underlying science, technology, or engineering
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Their ultimate aim is to provide basic insights into ques-
tions such as how plants die, especially during drought.
While the question of plant mortality is easy to concep-
tualize, it is difficult to study because of the spatial and
temporal variation of processes over the plant. Under-
standing these mechanisms of mortality, especially the
tipping points, will provide critical input to forecasts of
future climate because presently models cannot simulate
vegetation change and related climate effects. The work

here represents a first step towards fieldable, non-invasive
monitoring to answer these fundamental questions.
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days before the photo at right, and significant decline in ULF NMR signal from aspen tree over three days. A daily cycle

Day

leaves is noted. Bottom row: Left shows close up of associated with the NMR signal (water content) is present, as
leaves infected with parasite. Right shows close up of is a downward trend that appears to correlate with overall
NMR system around tree trunk. decline of the tree’s health.
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Investment in projects that fall within the Information Science and Technology Grand Challenge and/or ER Category
provide benefit to mission areas across the Laboratory. This map illustrates how IS&T projects connect to other grand

challenges and help build capabilities in a wide range of areas beyond IS&T.
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Mission Impact

LDRD delivers capabilities and explores solutions for all Los
Alamos missions: Nuclear Security, Global Security, Energy
Security, and Scientific Discovery. In some cases these lead
to clearly identified follow-on projects. In part, this can be
attributed to the program development mentors who help
transition these projects from LDRD to external funding.

Putting a quantitative metric on mission impact is difficult.
The obvious metric (follow-on funding) omits other ben-
efits like new ideas and approaches that feed into ongoing
work. Counting dollars is also imperfect because, although
LDRD is part of what enables new mission solutions, the
Laboratory brings other assets to bear, including facilities,
ideas, and personnel from a range of programs. Nonethe-
less, admittedly rough numbers show that projects active
in FY11 played an important part on the path to $67M of
externally funded R&D.

The path from LDRD to mission is clearly demonstrated by
follow-on projects from sponsors that range, inside DOE,
from the nuclear weapons program to nonproliferation
programs, applied energy programs, and the Office of Sci-
ence, and more broadly, across a range of sponsors that
include DoD (DARPA, ONR, and DTRA), DHS and DNDO, NIH
and CDC, classified agencies, and a suite of industrial part-
ners. The capabilities sustained by these external sponsors
feed back once again to enable the Laboratory’s execution
of NNSA missions.

Here we highlight just a few successful projects transi-
tioned from LDRD to external funding in FY11:

The Department of Homeland
Security Science and Technology (S&T)
\ Directorate is funding basic research
| within LANLs Shock and Detonation
" Physics group aimed at understanding
the effects of addition of inerts to
liquid explosives on the explosive’s
sensitivity and performance. Under the extreme
conditions reached by shock compression, chemical
reactions may occur between an explosive and “inert”
additive at the leading edge of the shock/detonation wave,
altering the explosive’s bulk initiation and/or detonation
behaviors, e. g. the inert additive may not be inert under
these conditions. The work capitalizes on capabilities
and expertise gained through an LDRD DR project focused
on understanding shock-induced chemical reactions over
decades in length and time scales behind the shock front.

o A project focused
SAMITAUR e iewirs:
multi-source energy
harvesting solution
designed to provide reliable power for embedded sensing
systems resulted in external funding from Samitaur
Medical Technologies. The goal of the spin-off project
is to develop a compact energy source that can power a
neurological implant device used to treat patients with
motor control disorders such as epilepsy and Parkinson’s
disease. The system of interest would harvest kinetic
energy from the patient’s movement and couple this
with energy scavenged from the ambient background
environment emitted by standard WiFi systems and cellular
telephones. The device developed for this project relies on
a single electromagnetic transducer to harvest both kinetic
and wireless energy sources. A prototype transducer has
been designed and tested to prove the feasibility of this
concept. Follow-on efforts are in discussion to develop
power conditioning electronics to collectively harvest
both kinetic and wireless energy simultaneously and
provide extended battery life for the embedded power
source. The benefit of this device is that it would reduce
the number of surgeries a patient must undergo in the
initial procedure, while also providing a long term power
solution that can be recharged from ambient energy
sources, or powered directly using a wireless energy
transmission scheme.

In 2009, LDRD researchers set out to
identify host proteins that are targeted
by Y. pestis during infection using
RNA interference (RNAi), a powerful
tool for analyzing gene function by
silencing, or inactivating, target genes
through the specific destruction of
their mRNAs. They performed high-throughput genome-
wide screens and more directed automated confocal
microscopy studies to select for genes that, when
silenced, lead to inhibition of Y. pestis infection. In FY11
their notable results led to funding from the Defense
Threat Reduction Agency to generate a high-throughput
research capability for functional gene discovery that can
be applied to multiple complex biological problems, such
as development of innate immunity and differential host
response. The expected result is a robust methodology by
which to ascribe function to previously uncharacterized
genes, a major challenge in biomedical research given that
approximately half of all predicted human genes have no
known function.
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Metrics of Excellence

The LDRD program is a key resource for addressing the
long-term science and technology goals of the Laboratory,
as well as for enhancing the scientific capabilities of Labo-
ratory staff. Through careful investment of LDRD funds,
the Laboratory builds its reputation, recruits and retains
excellent scientists and engineers, and prepares to meet
evolving national needs. The impacts of the LDRD program
are particularly evident in the number of publications and
citations resulting from LDRD-funded research, the number
of postdoctoral candidates supported by the program, and
the number of awards LDRD researchers received.

Publications

LDRD produces a large volume of high-quality scientific
contributions relative to its portion of the Laboratory’s
budget. The numerous publications made possible with
LDRD funding help the Laboratory maintain a strong pres-
ence and scientific reputation in the broader scientific
community. In FY11, LDRD researchers generated 452
peer-reviewed publications, accounting for 22% of the
Laboratory’s total. The quality of these publications is
evidenced by the number of times they were cited. LDRD
publications published in FY11 were cited 987 times, ac-
counting for 29% of the Laboratory’s citations, as well as
four of the Laboratory’s top 10 cited publications. With

Patents and Disclosures

Another indication of the cutting-edge nature of the
research funded by LDRD is the contribution the program
makes to the intellectual property of the Laboratory. In
FY11, LDRD-supported research resulted in 15 patents,
25% of the Laboratory’s total, and 28 disclosures, 22% of
the Laboratory’s total.

Postdoctoral Support

LDRD remains an important vehicle for recruiting the
brightest researchers to the Laboratory, where they
become innovators and scientific leaders. In FY11, LDRD
supported 330 postdocs, accounting for 57% of the Labora-
tory’s total.

FYO08 FY09 FY10 | FY11
LANL Patents 28 52 61 59
LDRD Supported 8 12 15 15
% due to LDRD 29% 23% 25% 25%

increased efforts to collect post-project performance met- FYO8 FY09 FY10 | FY11
rics, LDRD publication and citation counts increase year-to-
year. Recent analysis of 2008 citations reveals that all ten LANL Disclosures 116 110 116 129
of the Laboratory’s top cited publications in FYOS8 are linked
to LDRD work. LDRD Supported 36 38 16 28
Peer-Reviewed Publications % due to LDRD 31% 38% 21% 22%
FYO8 FY09 FY10 FY11
Postdoc Support
LANL Pubs 1800 1713 1741 2079
FYO8 FY09 FY10 FY11
LDRD Supported 444 398 408 452
% due to LDRD 25% 23% 23% 22% LANL Postdocs 477 470 547 580
LDRD Supported 274 291 325 330
% due to LDRD 61% 62% 59% 57%
FYO08 FY09 FY10 FY11
Postdoc Conversions
LANL Citations 21879 16755 | 10413 3400
FYO8 FY09 FY10 FY11
LDRD Supported 7383 5545 2871 987
% due to LDRD 34% 28% 28% 29% LANL Conversions 39 37 53 208
Top 10 Most Highly Cited Publications LDRD Supported 21 14 33 107
LDRD Supported 10 4 4 4 % due to LDRD 54% 38% 62% 51%
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External collaborations are often critical to a successful LDRD project. Formal collaborations between LDRD Pls

and researchers at other national laboratories, academia, and industry enable access to world-leading facilities and
knowledge. Such collaborations enable LDRD researchers to be active and prominent members of the broad scientific
community. The figures above illustrate the far-reaching collaborations established by LDRD researchers in FY11.
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FY11l LDRD Metrics Summary

Metric

Evidence

LDRD work is of high
technical quality and
impact

Peer-reviewed publications remain a large fraction of Laboratory output (25%)
- LDRD supports approximately 23% (4-year average)

Patents and disclosures remain a large fraction of Laboratory output (25%)
- LDRD supports approximately 25% and 28%, respectively (4-year average)

Top-cited papers are dominated by LDRD work
- LDRD supports more than 50% (4-year average)

Quantitative appraisal scores for ongoing projects show a pattern of excellence
- Independent project appraisal scores average outstanding to excellent

Citation counts show that LDRD makes a major contribution to Laboratory technical output
- LDRD supports 30% of the Laboratory’s total (4-year average)

LDRD is essential
to the Laboratory’s
ability to deliver
mission solutions

Success stories show clear path from LDRD investment to major mission impacts

Funded follow-on projects show LDRD prepares the Laboratory to meet national needs
- Active projects resulted in approximately $67M in external funding

Proposals and briefings tracked by the program development mentor program show
sponsor engagement

- Engaging with weapons and global security program management to reinforce program
development mentor process

LDRD builds the
Laboratory’s human
capital

Number of postdocs supported by LDRD provides a strong pool for future Laboratory needs
- LDRD supports approximately 60% of Laboratory postdocs (4-year average)

LDRD supports researchers at all career stages, from postdocs to senior staff
- Analysis of Pl career stages revealed LDRD is supporting a desirable cross section of the
Laboratory population

LDRD supports numerous and substantive national and international collaborations that
reinforce internal capabilities
- LDRD researchers established 871 collaborations worldwide

LDRD is a major
factor behind

the Laboratory’s
technical reputation

LDRD work contributes significantly to awards such as R&D 100, Lab and Society Fellows,
and others

Journal covers based on LDRD work show a prominent national impact

@ Excellent @ Satisfactory @ Improvement sought

The strategy and outcomes of the LDRD program are tracked by these metrics. The results show that LDRD is on track
to meet the challenging goals we have set for ourselves.

31



“LDRD is critical for attracting and retaining high quality technical
staff and thus for assuring long-term viability of the Laboratories
and their ability to carry out their mission in the future.”

Committee to Review the Quality of the Management and of the Science
and Engineering Research at DOE National Security Laboratories

The LDRD program supports some of the Laboratory’s
most accomplished researchers, as well as many of its
most promising young scientists and engineers. In FY11,
LDRD researchers received more than 75 awards and
recognitions, including R&D 100 Awards; fellowships from
the American Physical Society, American Ceramic Society,
Materials Research Society, and American Association for
the Advancement of Science; the Presidential Early Career
Award for Science and Engineering, and many others.
Here we highlight only a few:

Awards and Recognitions

Muon tomography, a Los Alamos invention that uses cos-
mic ray muons to image cargo and vehicles for threat ma-
terials such as uranium or plutonium, has been named one
of the 100 best inventions of the year by Popular Science
magazine. The technology is incorporated into the Multi-
Mode Passive Detection System, which will be installed at
specific U.S. and international ports this year through a Co-
operative Research and Development Agreement (CRADA)
between Los Alamos and the California security company
Decision Sciences International Corporation.

LDRD funded the initial research through a 2002 ER project
and a 2004 DR project.

A tomograph analysis of a truck showing a “hotspot”
depicted in red) of radioactivity. Image courtesy of
Decision Sciences International Corporation.

John Welsh, a post-masters
student in the Bioenergy and
Environmental Science Group,
received a scholarship for his
international poster presenta-
tion at the Keystone Symposia
on Molecular and Cellular
Biology. Welsh’s research was
one of two presentations se-
lected for this honor among a
very competitive peer group.
The Keystone Symposia on Molecular and Cellular Biology
are a series of meetings targeting researchers focused in
the biomedical and life sciences. The Symposium, held in
Singapore, featured internationally recognized scientists
that are at the forefront of their respective fields to ad-
dress the worldwide energy crisis. The meeting provided

a unique opportunity to foster new relationships with
Singaporean officials and scientists while showcasing U.S.
state-of-the-art research.

Welsh is conducting research at LANL before beginning the
doctorate program at the University of Pennsylvania. He
is examining bioengineering of both heterotrophic (E. coli)
and phototrophic (bluegreen algae) organisms for com-
modity chemical production. He is instrumental in LANL's
efforts for microbial production of catechol and cate-
cholate-type derivates that are derived exclusively from
glucose or carbon dioxide and light. Welsh employed the
National Flow Cytometry Resource (also developed with
LDRD support) in Bioscience Division to develop a rapid
method for selecting blue-green algae with both altered
phenoand genotypes. Claire Sanders (Advanced Measure-
ment Science, B-9), the key technologist within the flow
resource, provided all the necessary technical expertise to
pursue and advance the research team.

The combined effort of this research culminated in an in-
vited poster presentation to the Keystone Biofuels Sympo-
sium and a $1500 scholarship for Welsh. Andrew Koppisch
and David Fox (B-8) are co-Principal Investigators on the
LDRD project that funded the research, which supports the
Laboratory’s Energy Security mission area and the Materi-
als for the Future and Science of Signatures capabilities.
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Leonid Gurvits, a
mathematician in
Information Sci-
ences, completed
fundamental work
on the algebraic
construct of the
permanent, “the
ugly twin” of the
mathematically
well-behaved and better-known determinant. His origi-
nal work came from a 2007 LDRD ER project “Hyperbolic
Polynomials Approach to Approximate Counting and
Lower/Upper Bounds in Combinatorics, Statistical Physics
and Computational Geometry.” He published this research
in the highly competitive ACM (Association for Comput-
ing Machinery) Symposium on the Theory of Computing
conference. The title of the paper is “Hyperbolic Polyno-
mials Approach to Van der Waerden/Schrijver-Valiant Like
Conjectures: Sharper Bounds, Simpler Proofs and Algorith-
mic Applications.”

The “Proof of Permanents” achievement is receiving sig-
nificant attention in the global mathematics and computer
science community. Lex Schrijver, the well-known math-
ematician and Von Neuman Theory prize-winner, studied
Gurvits’s novel proof technique. Schrijver subsequently
published an article on the subject in the American Math-
ematical Monthly journal, which is the most widely read
mathematics journal in the world. Don Knuth, Professor
Emeritus of The Art of Computer Programming at Stanford
University, is one of the founders of computer science as a
discipline. He has been given many awards, including the
Turing award and the John Von Neumann Medal. Most
LANL scientists are using Knuth’s work every time they use
the LaTeX type setting system that Knuth developed. Knuth
has become fascinated by Gurvits’s work. He gave a talk,
“Leonid’s Breakthrough about Lower Bounds for the Per-
manent,” at the Stanford University theory seminar series.

4 Improving on Existing
Molecular Beacons
NanoCluster Beacons are
collections of silver atoms
maneuvered to illuminate
when bound to specific
nucleic acids, such as the
DNA of particular pathogens.
Created by Hsin-Chih (Tim)
Yeh, James Werner, Jaswinder Sharma, and Jennifer
Martinez, these beacons can be used to probe for
diseases that threaten humans by identifying the nucleic
acid targets that represent a person’s full genome, and
allow for personalized medication. They also can be used
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in quantitative biology applications, such as counting
individual molecules inside a cell.

Once bound with a specific target, a NanoCluster Beacon
lights up, emitting fluorescence approximately 200 times
greater than in the unbound state and easily viewed by
the naked eye under ultraviolet light. The beacons come
in an array of colors for multiplexed analyses, are more
photostable than beacons used today, and can be turned
on and off reversibly. Inexpensive, easy to use, and revers-
ible, NanoCluster Beacons are superior molecular probes
for detecting specific targets, human oncogene (cancer)
sequences, and molecular disease sequences (such as
sickle cell anemia).

LDRD was the sole supporter of this work, funded though
a 2009 DR project titled, “Predictive Design of Nobel Metal
Nanoclusters.”

o —

Hsin-Chih (Tim) Yeh, James Werner, Jennifer Martinez and
Jaswinder Sharma

4 Th-ING: Thorium Is Now
Green

Th-ING was developed by
Jaqueline Kiplinger and Thi-
bault Cantat as a straightfor-
ward, cost-effective, and safe
method to produce thorium.
Thorium is an element discov-
ered in 1828 that is capable of
producing more energy than both uranium and coal using
significantly lower quantities. This element is only slightly
radioactive, making it an excellent candidate for a future
sustainable energy source. The work was supported in-part
by the Los Alamos LDRD program.
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Before Th-ING, thorium could only be produced in hazard-
ous settings at unreasonably high prices. This new method
involves reacting thorium nitrate with aqueous hydrochlo-
ric acid under mild conditions, which can be performed
using conventional glassware in a traditional laboratory
setting. Then, a novel combination of anhydrous hydro-
chloric acid and trimethylsilyl chloride is used to remove
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coordinated water molecules, replacing them with dime-
thoxyethane to make the new thorium chloride reagent.
The process cuts costs of production from $5,000 per kilo-
gram to a mere $30 per kilogram and is “green” —as it does
not produce wasteful solvent ring-opening/polymerization
or waste thorium (95 percent production yields). With
Th-ING, thorium becomes a practical and reliable source of
energy for the future.

Approximately 20,000 drums (3,200 metric tons) of
thorium nitrate await disposal. However, such waste is
ideal as a starting material for producing the ThCl (DME),
reagent that in turn would lead to the use of such stock-
piled nuclear waste as fuel for thorium-based nuclear
reactors.

Showecasing results to stakeholders
The Laboratory Directed Research and Development
Program at Los Alamos National Laboratory hosted its
third-annual LDRD Day on September 13, 2011, at Buffalo
Thunder Resort in Pojoaque, New Mexico. The event at-
tracted more than 250 participants, including LANL em-
ployees, congressional staffers, elected officials, venture
capitalists, and students. Keynote presentations by Clinton
Bybee, co-founder and managing director of ARCH Venture
Partners, and John Chavez, president of the New Mexico
Angels, focused on the important role the National Labora-
tories play in generating innovative technologies that can
eventually be developed in the private sector and posi-
tively impact the national economy. More than 40 posters
were displayed at LDRD Day, showcasing the Laboratory’s
investment in research related to energy security, nuclear
security, global security, and scientific discovery. The post-
er titled “Discovering How the Brain Sees,” presented by
Luis Bettencourt and colleagues, snagged the “Best Poster’
award, which was determined by votes cast by LDRD Day
participants. Andrew Bradbury and colleagues won the
“Best Market Potential” award for their poster, “Stabilizing
Cellulases Using an Evolutionary Approach.”
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External Reviews

As noted elsewhere in this report, independent assess-
ments of individual LDRD projects range from excellent to
outstanding. At the broader program level, our self-assess-
ment is that the Los Alamos LDRD program is succeeding
at producing excellent science with high mission impact.
However, it is useful to validate our assessment with inde-
pendent external analysis. In FY11, two external reviews
were held in assessment of the LDRD program.

Program Effectiveness

The independent Functional Management Review (FMR)
of Los Alamos LDRD Program Effectiveness was held on
August 16-19, 2011. The review was not of specific LDRD
projects, but rather an assessment across the full program
to understand what it delivers to the Los Alamos National
Laboratory and the nation in the way of technical capa-
bility and mission solutions. The Committee members
who assessed the program included Raymond Jeanloz
(Chair), University of California, Berkeley; William Gold-
stein, Lawrence Livermore National Laboratory; Kim Budil,
Lawrence Livermore National Laboratory; Everet Beckner,
Independent Consultant; Samuel Kaplan, University of
Texas Medical School; Ethan Miller, University of California,
Santa Cruz; John Bercaw, California Institute of Technology;
Anthony Rollett, Carnegie Mellon University; and Michael
Turner, University of Chicago. The main objective of the
Committee was to validate that LDRD investments effec-
tively and efficiently meet the goals of the program.

The review consisted of a combination of poster sessions
and interviews with mission stakeholders, associate direc-
tors, division management, and panelists from DRs and ERs
selection process. The Committee found that “the LDRD
Program at LANL is critical to maintaining cutting-edge sci-
ence and engineering capability and a world-class work-
force.” Most notable was the peer review process which
offers benefits in quality, transparency, avoiding conflict of
interest, informing staff of capabilities and developments,
and continuing education of staff of technical disciplines.
The Committee identified opportunities for improvement
(not deficiencies), in the context of processes and out-
comes that are currently of high quality.

Peer Review Process

Regarding LDRD’s peer review processes, the Committee
noted that proposal review “...incorporates best practices
from the peer review systems used by NSF, NASA and NIH,
has safeguards against conflicts-of-interest, and relies upon
both internal reviewers and reviewers from outside LANL.”

A recommendation to incorporate external reviews into
the ER proposal process was driven by the potential for

projects to vary in quality due to the highly bottom-up
nature of the ER component. The Committee noted that
external reviews are helpful in maintaining the quality of
the ER component and justifying its impact. The Commit-
tee also recommended considering using more flexibility in
assigning category quotas.

The Committee noted ndications of risk aversion in LDRD
peer review processes, which could result in missed op-
portunities to support innovative and high-impact work.
The recommendation was to consider, on an experimental
basis, a few small-scale projects (approximately one year)
that do not go through the full formal review. If successful,
projects funded under this mechanism would be in a stron-
ger position to compete for full LDRD funding. Additional
recommendations included establishing metrics to assess
the risk level of projects.

Mission Relevance

The Committee acknowledged that LDRD “has made
substantive and measurable impacts on LANL’s national
security missions” and that “Program leaders in weapons
and global security indicated LDRD was relevant to their
mission areas.” The Committee specifically noted that

the Grand Challenges serve to focus the DR portfolio on
the strategic directions identified by the Laboratory. To
strengthen the LDRD program in this area, the Committee
recommended establishing a process for periodically
updating and articulating the Grand Challenges to support
the Laboratory strategy. While there is indeed a review of
the individual Grand Challenges every fall, benefit could be
gained from reviewing them in their entirety.

Bolstering Capabilities in Engineering

The Laboratory has identified engineering as a critical ca-
pability to support its missions. As noted by the Commit-
tee, LDRD is seeking ways to foster engineering innovations
across the program, especially in the DR component. The
Committee recommended tracking engineering investment
made through science-centric projects; modifying proposal
review criteria to be more encompassing of engineering;
and improving the articulation of the engineering Grand
Challenge. A new engineering strategy has since been
developed, and revised proposal review criteria has been
implemented.

The Committee concluded their review by stating that the
LDRD program “plays a key role in sustaining the intel-
lectual health of the Laboratory” and that it is “important
for staff morale and retention in the sense of providing a
crucial outlet for creativity and innovation.”
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Business Processes

The Los Alamos LDRD program, in conjunction with the
Chief Financial Officer (CFO), requested a Parent Organi-
zation Functional Management Review of LDRD Business
Practices. The review was performed from March 15 - 17,
2011. The review encompassed a risk-based analysis of
LDRD compliance with DOE order regarding mission rel-
evance, augmentation, project duration, and direct rel-
evance of LDRD expenditures to project R&D goals.

The independent panel was chaired by John Birely, Consul-
tant to the University of California Office of the President,
and included Todd Hansen, LBNL LDRD Program Director;
Paul Rosenkoetter, Director, Prime Contract Management
Office and Manager; and Ross Thomas, Chief Technical Of-
ficer for Babcock & Wilcox.

The panel’s primary objective was to determine whether
LANL has developed a management approach to the stew-
ardship of LDRD moneys, thus achieving the objectives of
applicable legislation and DOE Order 413.2B. The review
panel conducted interviews, and held discussions with
personnel and representatives of: LANL LDRD Program
Office; LANL CFO personnel; LASO, NNSA Headquarters &
Albuquerque Service Center; LANL Ethics & Audit Division;
LANL Contractor Assurance Office; LANL LDRD Principal
Investigators; and LANL Group and Division Managers.

The review panel reported that the LDRD Program is vital
to the health and future of the Laboratory. The LDRD
Program has been responsive to issues raised in audits and
reviews of LDRD business practices. More specifically, the
review panel found a very robust tie between the LDRD
Program and the Laboratory, DOE Missions, and a strong
postdoctoral component. It also noted that an effec-

tive management system, Pl training, CFO time-charging
practices training, and deployed financial personnel to line
organization all prove to be beneficial to LDRD business
management.

The review panel also identified opportunities for improve-
ment (not deficiencies) in their report. The review panel
identified the need for a consistent policy for reporting
time and effort for bid and proposals. LANL has imple-
mented a lab-wide guidance of this new policy, which was
transmitted to all employees on March 30, 2011. The
review panel recommended an opportunity for continu-
ous improvement of LDRD business management metrics.
The LDRD Program Office has since established a project
management schedule and has put calendar management
controls in place when setting performance expectations
and goals for business processes. Lastly, the panel recom-
mended an “improved” application of risk management,
balancing management effort with actual business process

gains. An example of improvement in this area is LANL's
effort to track post-project costs to ensure these costs
remain below 1%.

The panel summed up their final report by stating that
“We can give reasonable assurance that the Laboratory’s
LDRD business systems are based on good management
practice,” and concluded that “LANL has developed a man-
agement approach to the stewardship of LDRD resources
that achieves the objectives of applicable legislation and
DOE Order 413.2B”
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Introduction

This project studies the effectsof dynamic shock

loading on the material microstructure, such as

defect distributions, to understand how material
damage starts and evolves. To this end, macro-scale

and meso-scale models have been utilized to design
dynamic experiments that sample known volumes

of microstructure. Then, post shock specimen
characterization has been employed to interrogate the
influence of these experiments on damage evolution.
Specifically, we believe that both time and length

scale of a dynamic event are critically important to the
development of damage. In the first year of this project,
we successfully showed the role of microstructural
length scales on dynamic damage. In the second year
of this work, we have performed experiments to isolate
the effect of kinetics, interrogate its unique contribution
to damage response, and incorporate this physical
understanding into predictive models.

Benefit to National Security Missions

The incorporation of the physics of small length-scale,
dynamic damage evolution into predictive models has
important implications for many programs. Currently,
accurate prediction of damage in metals is critical to the
nuclear weapons, nuclear energy, insensitive munitions,
transportation, and infrastructure maintenance
programs supported by DOE, DoD, DHS, and NASA.
Additionally, understanding the critical materials design
parameters for damage evolution is necessary as we
consider the design of next generation metals to meet
future energy demands.

Progress

For the first time, plate impact experiments have been
modeled and designed to examine the influence of pulse
duration (time under peak compressive load), peak
tensile stress, and the rate at which that peak tensile
stress is achieved (release rate) on damage evolution in
copper. Copper microstructures were tailored for these
experiments to keep the number density of defects
sampled in all tests the same. This means that differing
grain size specimens were examined, but in all cases, the

modeled zone of tension contained similar densities of
defects. This was done because the findings of year one
of this same project indicated that this was a critically
important parameter to control in terms of damage
evolution [1,2]. The experimental configuration for plate
impact experiments used in this work permitted real-
time measurements of the sample free surface velocity
histories, soft-recovery, and post-impact examination

of the incipiently damaged microstructure. Free surface
velocity measurements wereused to calculate spall
strength values and have already been shown to be
independent of grain size.

The quantitative metallographic analyses of recovered
samples, via optical metallography and electron back
scattered diffraction (EBSD), show that both release rate
and the pulse duration significantly influence damage
evolution during shock loading conditions. Experiments
conducted with release rates of both 17 and 24 GPa/

us and then again 29 and 39GPa/us, with similar pulse
duration respectively, show that lower release rates led
to fewer but larger voids as compared to smaller but
more voids at higher release rates. This suggests that
damage at the lower release rates is growth controlled
whereas the damage at the higher release rates is
nucleation dominated. Moreover, pulse duration
appears to play a role in nucleation of damage, as
smaller pulse durations appear to have fewer voids than
longer pulse durations. This is likely linked to differences
in substructural evolution or shock processing of the
microstructure under compression. Such processing
can change the development of stress concentrations in
the microstructure under tensile load and thereby alter
damage evolution [3].

In addition, two new capabilities have become available
in the past year. As a product of this LDRD project

and to further examine release rate effects, a new test
platform has been acquired. A low-velocity, gas gun
has been designed and installed in MST-8. The purpose
of this gun is to fill a gap in capability at Los Alamos for
firing plate impact experiments at velocities between
50 and 200m/s. This velocity regime was of interest

as this project aims to interrogate the early stage of
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damage nucleation and growth. Current experiments have
been fired at velocities of ~130m/s allowing us to examine
early stage growth and coalescence. New experiments
conducted on this low velocity gas gun will be fired
between 40 and 80m/s to allow for examination of late
stage nucleation. In addition to this, a characterization
platform has become available: a nano-computed
tomography capability. This capability, which can
characterize voids at the nano-scale, will be crucial as we
transition to study the early stage of damage nucleation
and growth as opposed to early stages of growth and
coalescence.

Continuum and meso-scale level simulations have

been ongoing and underlying developments are being
implemented. Specifically, analysis of copper experimental
results revealed that damage transitions from nucleation
dominated to growth and coalescence dominated behavior
under specific loading profiles. Predictions of response
using a current, continuum-based, ductile-damage model
shows that especially for the nucleation dominated

regime, the model inadequately represents the material
response. Experimental results demonstrate a variable
damage field with the primary mechanism of failure being
void nucleation at grain boundaries. Present nucleation
models do not represent this damage response. These
results strongly point to the need for physically based
models for the failure of grain boundaries for these loading
regimes.

Further continuum level work, simulated several LDRD
experiments using a recently modified, single crystal
plasticity model for high rate loading in FLAG hydro code
with macroscopic models to reveal the adequacies of
current models in predicting damage. Some low-pressure
incipient spallation experiments were simulated very
well, however in the cases where the damage was not
simulated well, frequently it was because the damage
evolution at grain boundaries was not well represented.
Specifically, single crystal plasticity modeling showed the
strength of twin type grain boundaries, which experienced
high local calculated stresses but did not fracture
experimentally. The simulation was a proof of capability
for a large 3D hydro code simulation.

To address problems observed in continuum level
simulations, an entirely new single crystal model for

the high rate deformation response of cubic materials
has been developed. This model has been formulated
with average dislocation density as the primary

materials state variable in place of the traditional slip
system deformation resistance to facilitate improved
predictability. The model features equations representing
both the thermally activated glide and dislocation drag
response of dislocations. The generation, annihilation,
and interaction of populations of mobile dislocations,
immobile dislocations and debris are represented. This is
a significant advance over other models, which generally

represent these dislocation interactions through a single
scalar value enhancing hardening. This model treats this
interaction through a tensoral representation. Several
results were produced for copper and compare favorably
to experimental data. This model will eventually be used
to represent the meso-scale shock response of Cu.

Additionally, this year we have continued the development
and implementation of a computational framework
capable for predicting the initiation and evolution of strain
localization in metals. This framework consists of a sub-
grid finite element technique, coupled with appropriate
material models. The finite element formulation (including
a material stability analysis which predicts localization
nucleation) was generalized to enable the treatment of
finite-deformation problems. An isotropic, hypo-elastic-
plastic, constitutive model with linear, isotropic hardening
was implemented. To include rate and temperature
effects, an elasto-viscoplastic constitutive model based

on the Mechanical Threshold Stress (MTS) flow stress
theory was also incorporated into the framework. The
current focus of our work is on verifying the computational
implementation and improving its robustness.

Finally, this year, we have developed two different
constitutive models for polycrystalline aggregates with
intergranular cavities: one mean-field approach based on
second-order homogenization and one full-field approach
based on Fast Fourier Transforms (FFT). Both models

are relevant to model our Cu spallation experiments,

in which the dilatational effects associated with the
presence of cavities must be accounted for, and standard
polycrystalline models for incompressible plasticity were
not appropriate. Then, using our newly developed FFT-
based method [4,5], we have analyzed microstructural
effects on void growth and compared with post-mortem
EBSD measurements on our shocked copper. We found
that the interaction between neighbor voids, leading to
growth and coalesce, is affected by the crystallographic
orientation of the crystals surrounding the voids. This
effect was first predicted by the model and then confirmed
by the experiments.

Future Work

Modeling and experiments will continue to address

the role of peak tensile stress on dynamic damage

and transition to investigating the role of a new

defect distribution, inclusions. This work is aimed at
understanding the way in which spatial distributions of
defects in a less ideal material (not a high purity metal)
couple with loading profile to evolve damage. Such an
understanding underlies the meso-scale interpretation of
damage evolution in the extreme environment of shock
loading and can be utilized to derive the mathematical
representations required to capture damage nucleation.
This work will rely on tailored, model-driven-design of
wave shape experiments; an approach developed in year
two of the project, along with post mortem materials
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characterization. It will utilize both new platforms
described above: the low velocity launcher and the nano-
computed tomography.

Conclusion

To date, this research has three important results: (1)
classification of deterministic versus stochastic features
of damage evolution, (2) a newly formulated high-rate,
single crystal plasticity model, and (3) a novel approach
for plate-impact experiment design that controls features
of the tensile release. Each result has implications for
the weapons and energy programs as current structural
materials are pushed to new design requirement
expectations. These results will also be critical for
transportation and energy industries as future applications
will call for design of next generation metals requiring an
understanding of the behavior of materials in extreme
environments such as dynamic loading.

References

1. Escobedo, J P, D. D. Koller, E. K. Cerreta, B. P. Patterson,
C. A. Bronkhorst, B. L. Hansen, D. Tonks, and R.
A. Lebensohn. Effects of Grain Size and Boundary
Structure on the Dynamic Tensile Response of Copper.
2011. Journal of Applied Physics. 110: 033513.

2. Patterson, B. P, J. P. Escobedo, D. D. Koller, and E. K.
Cerreta. Dimensional Quantification of Embedded
Voids or Objects in Three Dimensions Using
X-ray Tomography. To appear in Microscopy and
Microanalysis.

3. Perez-Bergquist, A. G., E. K. Cerreta, C. P. Truijillo, F.
Cao, and G. T. Gray lll. Orientation Dependence of Void
Formation and Substructure Deformation in a Spalled
Copper Bicrystal. To appear in Scripta Materialia.

4. Lebensohn, R. A., M. I. Idiart, P. Ponte-Castaneda,
and P. G. Vincent. Dilatational Viscoplasticity of
Polycrystalline Solids with Intergranular Cavities. 2011.
Philosophical Magazine . 91: 3038.

5. Lebensohn, R. A., A. D. Rollett, and P. Suquet. Fast
Fourier Transform-Based Modeling for Determination
of Micromechanical Fields in Polycrystals. 2011.
Journal of Minerals, Metals and Materials. 63: 13.

Publications

Abeele, K. Van Den, T. J. Ulrich, P. Le Bas, M. Griffa, B.
Anderson, and R. Guyer. Vector Component Focusing
in Elastic Solids using a Scalar Source in Three
Component Time Reversal. 2010. In International
Congress on Ultrasonics ; 20090111 - 20090117 ; Univ
Santiago Chile, Santiago, CHILE. Vol. 3, 1 Edition, p.
685.

Barton, N. R., J. V. Bernier, J. Knapp, A. J. Sunwoo, E.
K. Cerreta, and T. J. Turner. A Call to Arms for Task

Parallelism in Multi-scale Materials Modeling. 2011.
International Journal for numerical Methods in
Engineering. 86: 744.

Bronkhorst, C. A., A. R. Ross, B. L. Hansen, E. K. Cerreta,
and J. F. Bingert. Modeling and Characterization
of Grain Scale Strain Distribution in Polycrystalline
Tantalum . 2010. Computers, Materials, and Continua.
17: 149.

Bronkhorst, C. A., P. J. Maudlin, G. T. Gray lll, E. K.
Cerreta, E. N. Harstad, and F. L. Addessio. Accounting
for Microstructure in large Deformation Models
of Polycrystalline Metallic Materials. 2010. In
Computational Methods for Microstructure-Property
Relationships. Edited by Ghosh, S., and D. Dimiduk. Vol.
1, First Edition, p. -. Norwell: Springer.

Bronkhorst, C. A., S. R. Kalidindi, and S. R. Zavaliangos.
Editorial - Special Issue in Honor of Lallit Anand. 2010.
International Journal of Plasticity. 26: 1071.

Cao, F, I. J. Beyerlein, F. L. Addessio, B. H. Sencer, C. P.
Trujillo, E. K. Cerreta, and G. T. Gray lll. Orientation
Dependence of Shock Induced Twinning and
Substructures in a Copper Bi-Crystal. 2010. Acta
Materialia. 59: 549.

Dennis-Koller, D., E. Cerreta, J. Escobedo-Diaz, and C.
Bronkhorst. “Controlled Shock Loading Conditions
for Microstructural Correlation of Dynamic Damage
Behavior” . To appear in 17th Biennial International
Conference of the American Physical Society Topical
Group on Shock Compression in Condensed Matter. (
Chicago, Ill, June 26 - July 1, 2011).

Escobedo, J. P, D. D. Koller, E. K. Cerreta, B. M. Patterson,
C. A. Bronkhorst, B. L. Hansen, D. Tonks, and R.
A. Lebensohn. Effects of Grain Size and Boundary
Structure on the Dynamic Tensile Response of Copper.
2011. Journal of Applied Physics. 110 (3): 033513.

Escobedo-Diaz, J., D. Dennis-Koller, E. Cerreta, B. Patterson,
and C. Bronkhorst. Effects of Grain Size and Boundary
Structure on the Dynamic Tensile Response of Copper.
To appear in 17th Biennial International Conference of
the American Physical Society Topical Group on Shock
Compression in Condensed Matter. (Chicago, IL, June
26 - July 1, 2011).

Hansen, B. L., C. A. Bronkhorst, and M. Ortiz. Dislocation
Subgrain Structures and Modelingthe Plastic Hardening
of Metallic Single Crystals. 2010. Modelling and
Simulation Materials Science and Engineering. 18:
055001.

Lebensohn, R. A., A. D. Rollett, and P. Suquet. Fast Fourier
Transform Based Modeling for the Determination of
Micro-mechanical Fields in Polycrystals. 2011. Journal

40



of Minerals, Metals and Materials Society. 63: 13.

Lebensohn, R. A., M. |. Idiart, P. Ponte Castaneda, and P. G.
Vincent. Dilatational Visco-plasticity of Polycrystalline
Solids with Intergranular Cavities. 2011. Philospohical
Magazine. 91: 3038.

Lebensohn, R., C. Hartley, C. Tome, and O. Castelnau.
Modeling the mechanical response of polycrystals
deforming by climb and glide. 2010. PHILOSOPHICAL
MAGAZINE. 90 (5): 567.

Luscher, D. J., D. L. McDowell, and C. A. Bronkhorst.
A Second Gradient Theoretical Framework for
Hierarchical Multi-scale Modeling of Materials. 2010.
International Journal of Plasticity. 26: 1248.

Patterson, B. M., J. Campbell, and G. J. Havrilla. Integrating
3D Images Using Laboratory-based micro x-ray
computed tomography and confocal x-ray fluorescence
techniques. 2010. X-ray Spectrometry. 39 (3): 184.

Patterson, B. M., and C. E. Hamilton. Dimensional Standard
for Micro-CT for the Quantification of 3D Voids
Structures. 2010. Analytical Chemistry. 82 (20): 8537.

Patterson, B. P., J. P. Escobedo-Diaz, D. D. Koller, and E.
K. Cerreta. Dimensional Quantification of Embedded
Voids of Objects in Three Dimensions Using
X-Ray Tomography. To appear in Microscopy and
Microanalysis.

Perez-Bergquist, A. G., E. K. Cerreta, C. P. Trujillo, and
F. Cao. Orientation Dependence of Void Formation
and Substructure Deformation in a Spalled Copper
Bicrystal. To appear in Scripta Materialia.

Preston, D. L., V. I. Levitas, and D. W. Lee. Interface
Propagation and Microstructure Evolution in Phase
Field Models of Stress-Induced Martensitic Phase
Transformations. 2010. International Journal of
Plasticity. 26: 395.

Rollett, A. D., R. A. Lebensohn, M. Groeber, Y. Choi, J.
Li, and G. S. Rohrer. Stress hot spots in viscoplastic
deformation of polycrystals. 2010. Modelling and
Simulation in Materials Science and Engineering. 18
(7): 074005 (16 pp.).

Tonks, D. L., and J. Bingert. Mesoscale Polycrystal

Calculations of Damage in Shock Loaded Copper. 2010.
European Physics Journal, Web of Conference. 10: 6.

41



Chemistry and Material Sciences

Directed Research
Continuing Project

Understanding and Controlling Complex States Emerging from Frustration

Vivien Zapf
20100043DR

Introduction

Much of our national security relies on capabilities
made possible by magnetism, in particular the ability
to compute and store huge bodies of information as
well as to move things and sense the world. Most

of these technologies exploit ferromagnetism, i.e.

the global parallel alignment of magnetic spins as
seen in a bar magnet. Recent advances in computing
technologies, such as spintronics and MRAM, take
advantage of antiferromagnetism where the magnetic
spins alternate from one to the next. In certain crystal
structures, however, the spins take on even more
complex arrangements. These are often created by
frustration, where the interactions between spins
cannot be satisfied locally or globally within the
material resulting in complex and often non-coplanar
spin textures. In layman’s terms, a frustrated system
lacks a straightforward arrangement because no one
arrangement can satisfy all the forces in play. As with
people, it is sometimes impossible to make everyone
happy at the same time. Frustration in materials can
lead to the close proximity of many different magnetic
states, letting us jump from one to the other with small
perturbations in magnetic field, temperature, and/

or pressure. It is this tunability that makes frustrated
systems both scientifically interesting and desirable for
applications.

We move beyond frustration in insulators to itinerant
systems, where the interaction between mobile
electrons and the non-coplanar magnetic states lead to
guantum magneto-electric amplification. Here a small
external field is amplified by many orders of magnitude
by non-coplanar frustrated states. This greatly
enhances their sensitivity and opens broader fields for
applications. Our objective is to pioneer a new direction
for condensed matter science at the Laboratory as

well as for international community by discovering,
understanding and controlling states that emerge from
the coupling of itinerant charges to frustrated spin
textures.

Benefit to National Security Missions

This project directly addresses frustration, a topic called
out in “Directing Matter and Energy: Five Challenges for
Science and the Imagination”. The novel mechanism for
magnetoelectric coupling operates both in insulators
and metals. Potential applications include: ultra-sensitive
magnetic sensors; strong coupling of magnetization and
electrical polarization in insulators with the ability to
switch magnetization by an electric field or electrical
polarization by a magnetic field; electrical control

of optical properties; and new concepts for binary
magnetic storage. These rich possibilities can be used to
create entirely new classes of devices as well as improve
the energy efficiency of existing ones.

Progress

A pre-requisite for understanding how magnetic
frustration can couple to the electric properties of a
material is to first understand the magnetic frustration
by itself. We have investigated how frustration can
create complex spin textures, novel quantum mechanical
effects, spin liquids, and even superconductivity.

We have studied several insulating systems where
magnetic frustration and quantum mechanics combine
to create complex spin textures. In these systems, the
magnetism can be treated as a quantum condensation
of integer-spin (boson) excitations in a lattice, so-
called Bose Einstein condensation (BEC). In Ba,Mn_,O,
we explore the role of geometrical frustration on the
magnetic BEC theoretically and experimentally. [1-3] In
another magnetic BEC compound, NiCl-4SC(NH,), we
explore the role of quantum fluctuations at the phase
transition [4]. We completed a related theoretical work
on magnetic frustration in body-centered tetragonal
systems that has important consequences not only

for this compound but other frustrated materials with
similar geometries, such as the iron pnictides [5]. We
introduce further frustration in NiCl-4SC(NH,), by
doping Br on the Cl site [6]. We find the long sought-
after experimental evidence for a crossover from Bose-
Einstein Condensation to a Bose Glass. This crossover
can be thought of as the bosonic equivalent of a metal-
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to-insulator transition in fermions.

In metals we have explored how complex magnetic states
can be created as a direct consequence of interactions
between local moments and itinerant electrons [7] For
two-dimensional systems we have demonstrated that

the magnetic moments of itinerant electrons will line

up into a non-coplanar pattern in which the chirality (or
“handedness”) of moments varies spatially. We are also
investigating several compounds, CeGaCu,, DyInO,, TbinO,,
and EtMe_Sb[Pd(dmit),],, in which the magnetic frustration
is so severe that long-range magnetic order is suppressed
altogether despite strong interactions between magnetic
ions. The mysterious spin liquid or strongly correlated spin
state that results is a current unsolved mystery.

Moving on to how frustration affects electrical properties,
we have studied how magnetic frustration can be used

as a tool to create coupling of complex magnetic textures
to electrical resistance, Hall effect, ferro-electricity,

and superconductivity. We explore three categories of
materials: metals, insulators with local itinerant electrons,
and finally materials at the boundary between metals and
insulators where we can maximize the coupling between
magnetic and electrical properties.

In metals we show how the phenomenon of quantum
magneto-electric amplification allows magnetic fields to
have out-sized effects on the electrical resistance [8-10].
We have identified UCu, as a promising material in which
we can explore these effects experimentally. Here the

U ions occupy corner-sharing tetrahedral, leading to
frustration and non-coplanar magnetic order. We found
that the itinerant charges acquire a quantum mechanical
(Berry) phase as they traverse the underlying non-coplanar
spin texture, and this in turn leads to strong effects on the
electrical resistance and Hall effect (Figure 1) [11]. We are
currently investigating the effects of chemical disorder on
this unusual state in U, Lu Cu_ and UCu, Ni .

In insulators we used our first year’s theoretical efforts to
guide the discovery of new compounds where frustration
leads to complex spin textures and in turn coupling to
ferroelectricity. This is key for applications such as new
ultra-sensitive and smart sensors and circuit devices where
magnetic fields can tune the ferroelectricity and electric
fields can tune the magnetism. We have completed a

joint experimental and theoretical study of Lu,MnCoO,
[12] where frustration leads to an up-up-down-down
arrangement of spins (Figure 2). These spins, while
collinear, nevertheless form a low symmetry state that
creates an electric polarization. In organic materials, we
studied how their soft crystal lattice enhances magneto-
electric coupling when the magnetic spins strain the
lattice. Work on CuCl,-2SO(CH,), [13] and NiCl-4SC(NH,),
[14] has been completed and a detailed theoretical

model developed for the latter that closely matches the
experimental results. Large magneto-electric couplings are

also found in the highly frustrated material CoCl -2SC(NH,),
via electric polarization measurements in high magnetic
fields. Theoretical calculations of coupling mechanisms
between magnetic order in triangular systems and electric
polarization are in progress. Finally, we have developed a
theory of how frustration can have the maximum effect on
the electrical properties, namely to cause a Mott insulator
to become superconducting [15].
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Figure 1. Experimental and theoretical results of UCu..

(a) Experimental phase diagram showing different non-
coplanar structures, namely the 4-q (four wave vectors on
four sublattices) and 1-q (one wave vector) phases, and
the paramagnetic (PM) phase with no spins shown. (b)
The calculated chirality _111 of the spins as a function of
magnetic field with spins on different sublattices for the
4-q structure shown in different colors. c) The experimental
Hall conductivity versus field at various temperatures.

(d) The calculated zero temperature Hall conductivity vs
normalized magnetic field.
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Figure 2. a) and b) Two configurations of experimentally
determined up-up-down-down spin configuration

for Lu2MnCo06 along Co and Mn chains resulting

from magnetic frustration, and the proposed electric
polarization resulting from magnetostriction at the
boundaries between up-up and down-down regions of
spins . ¢) Measured electric polarization derivative with
respect to time dP/dt as a function of magnetic field H.

In materials at the interface between metallic and
insulating behavior, frustration can lead to greatly
enhanced magneto-electric effects. While crossover
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between band insulators and electrical conductors

leads to semiconducting behavior and their myriad
applications, the crossover between Mott insulators and
conductors is poorly explored. In materials residing at

this Mott insulating/conducting crossover, charge order
and strong spin-lattice couplings can occur, which can

lead to new physics and enhanced magneto-electric
effects with practical implications. We have predicted [16]
and measured very large magnetoresistances and Hall
effect in Na; .CoO, and we are exploring the possibility

of noncoplanar magnetic order. We are also studying
CdV,0,, a Mott insulator where the distance between V
ions lies on the border of conductivity and direct exchange.
Magnetic frustration can drive this crossover, leading to
large fluctuations in both the magnetism and the structure
and to coupling of the magnetic and electric polarizations.
Studies of the magnetic and electric polarization in
magnetic fields are being conducted to understand the
details of the fascinating behavior of this compound.

Future Work

Frustration provides great flexibility and tunability to
configure complex magnetic structures and interactions
between magnetism and electrical properties of materials.
Even a small perturbation in parameters, such as
composition, pressure, or temperature, can lead to a phase
transformation with dramatic consequences for thermal
and transport properties. This tunability makes frustrated
systems highly desirable for applications.

The range of emergent phenomena resulting from the
coupling of electrons to frustrated magnetic states has
been barely tapped. Most of the magnetic compounds
that have been studied by others have simple structures
that do not generate quantum magnetoelectric
amplification. Moreover, the desirable non-coplanar
magnetic states are difficult to identify experimentally
and can be often confused with their simpler cousins —
coplanar (e.g., spiral or helical) or even collinear (e.g.,
simple antiferromagnetic) states. A suite of experimental
techniques combined with theory and modeling is needed
to unambiguously identify, understand, and exploit these
unusual and promising states of matter. In our final year
we continue to develop the fundamental understanding of
the interplay between frustrated magnetism and charge
degrees of freedom. We will focus on the following four
objectives:

¢ Identification of the unconventional broken symmetry
(low-temperature) states and phase transitions

III

e Understanding of the “normal” (high-temperature

disordered) state

e Determination of the necessary conditions for large
magneto-transport responses in magnetically-
frustrated metals

e Enhancement of magneto-electric effects in materials
at the border of insulating and metallic behavior.

We are achieving these objectives by a coordinated
approach combining theory, including both analytical and
numerical approaches, and a wide range of experimental
techniques, including neutron scattering, nuclear
magnetic resonance (NMR), magnetization, transport,
thermodynamic, de Haas-van Alphen, electron spin
resonance (ESR), and electric polarization measurements.

Conclusion

Materials with complex magnetic properties resulting from
frustration could produce revolutionary new functionalities
due to the interplay between electric and magnetic
properties at the quantum level. This work provides

the basic understanding that will open a new field of
applications ranging from energy storage to computing to
novel magnetic sensors.
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Introduction

We combine experiment and theory in an effort to
develop a computational tool which is predictive for
‘strongly correlated’ materials. These materials lie at the
heart of many technologically important applications,
and a predictive theory is critically needed to be able

to predict, control and manipulate their properties.
Unfortunately, no such tool currently exists, nor is it
precisely clear exactly what it should contain. This is
therefore a basic research effort, and carries with it the
associated risk. Breakthroughs in theory over the past
year, however, suggest a path forward. We approach
the problem by examining materials where these effects
are paramount: the carbides, nitrides and oxides of
uranium, neptunium, and plutonium. These materials
are important in nuclear weapons (Pu), as advanced
nuclear energy fuels (UC), and in nuclear reactor waste
forms (PuO2). Advances in synthesis and spectroscopy
over the past year now allow us to make extremely high
quality samples which can be probed with state-of-the-
art experimental measurements. These measurements
will confront the theory, critically test its predictions,
and stimulate refinements. In this manner, we hope

to produce a predictive tool for ‘strongly correlated’
materials.

Benefit to National Security Missions

The development and experimental validation of a first
principles predictive capability for transuranic materials
principally addresses the area of scientific discovery and
innovation. These materials currently defy quantitative
theoretical treatments, but have direct implications

to DOE/NNSA and DOE/BES in the areas of nuclear
security (Pu metal), nuclear energy (advanced actinide
carbide fuels), and environmental remediation (PuO,). A
successful theory will also have ramifications for more
general (non-actinide) materials which share the feature
of ‘strong correlations’ with the transuranics studied
here. The most important applications in this regard
involve renewable energy.

Progress
Our major accomplishments during the past year include:

Characterization of the three phases of U,0, synthesized
in the previous report has progressed. This includes

a new electron energy loss spectroscopy (EELS) study

of the unoccupied states, as well as photoemission
work on the occupied bands. This EELS capability was
generated in collaboration with our colleagues from
Livermore, and allows for core-level studies of light
elements in ‘hot’ samples to be done. A separate paper
reporting hybrid DFT results on all three phases has also
been prepared.

The UC2 high temperature cubic phase prepared in

the past review period has been characterized by
photoemission, and XAS experiments will be conducted
this fall. The optical band gaps have also been
determined. A manuscript is in preparation, as is a
separate theory paper.

The UO,, NpO,, and PuO, work has been written up

and will soon be submitted. The synthesis paper

has been sent to Nature Materials. A longer paper
describing its properties from the point of view of

DFT has also been prepared and will be submitted
shortly. Importantly, new band gaps for this important
series have been measured, which are of much higher
quality than previous measurements. This new data has
allowed us to distinguish among the leading many-body
approximations as to which are predictive, and which are
not. Hybrid DFT stands as the only consistent predictor
of the lattice constants, the magnitude of the band gap,
and its origin (Mott vs. charge-transfer).

Our collaborators have made significant progress.
With Lubos Mitsas and his group at North Carolina
State University, we had performed the first diffusion
Quantum Monte Carlo calculations on an actinide
complex, Cp,ThCl,, last year. We have extended this work
to ThX4, X=Cl, Br, I, in the current period. In addition,
a new approach that allows spin-orbit operators to be
included in DQMC has been implemented and tested
(successfully) on the Pb atom. The first DQMC studies
of an actinide solid, ThO,, have been performed and
gaps determined from the calculation agree well with
experiment.
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At Rice, continued progress on new many-body
approximations appropriate for description of both Mott
insulators and correlated metals is being made. An
extremely promising new approach based on breaking

and restoring various symmetries of the Hamiltonian has
proven quite successful for molecular species. Itis of a
sufficiently simple form to allow implementation for solids,
if the proper manner of extending it to the thermodynamic
limit can be found. At Los Alamos we have begun studies
of the metal-insulator transition in hydrogen lattices.

At Colorado State University, another approach to the
strong correlation problem has been implemented and
tested in small atoms and molecules. It allows simple
pair approximations to be examined and multiplets to be
addressed within the context of DFT.

We have presented our work in several conferences
through plenary, invited and contributed talks. In the
current review period, we have been asked to write a
review for the journal Chemical Reviews, on theory studies
of actinide dioxides, which we will do in the coming period.
We are still working on the invited review article for
Actinide Quarterly Review. A total of 14 papers have been
published during the first two years, four are currently
being reviewed, and 12 are in preparation.

Future Work

This work will combine synthesis, spectroscopy and theory
in an effort to develop a first principles predictive tool for
strongly correlated transuranic materials. We will focus
on the series AnC, AnN, and An0O2, An=(U, Np, Pu). These
span behavior from strongly correlated metals (AnC,

AnN) to Mott insulators (An02), and thereby provide

a systematic evolution of the transition from strongly
correlated metals to Mott insulators as a function of ligand.
Our approach combines several facilities unique to LANL
which now allow the properties of these materials to be
studied with single-crystal quality samples, a requirement
for the angle-resolved photoemission measurements we
propose. Specifically we will:

e Synthesize, via the polymer assisted deposition (PAD)
technique developed at LANL, quality thin films. The
AnC and AnC, species will be the prominent target in
the next review period.

e Asthey become available, the samples will be
characterized with X-ray crystallography, IR and optical
spectroscopy.

e Energy and angle-resolved photoemission experiments
will be undertaken on the thin films to determine their
electronic structure.

e Ligand K-edge X-ray absorption and EELS spectroscopy
experiments will determine the character and metal-
ligand interactions in the unoccupied levels.

e Screened hybrid density functional theory (DFT)
calculations will be performed for all members of the
series in order to see where, and in what manner, the
current state-of-the-art fails.

e The projected quasi-particle theory developed at
Rice will continue development. Applications of this
method at LANL will continue.

e Applications of QMC to actinide molecules and solids
will continue.

e These steps will be thoroughly integrated and support
one another. The structure, band gaps, photoemission
spectra and x-ray absorption spectra computed will be
compared with experiments (2,3,4).

Conclusion

Many materials which lie at the heart of many
technologically important applications currently cannot

be described by predictive theories. In this effort, we
combine experiment and theory in order to develop a
computational tool applicable to these ‘strongly correlated’
materials. This is a basic research effort; no such tool
currently exists. It is critically needed, however, in order to
be able to predict, control and manipulate the properties
of materials of importance in nuclear weapons (Pu),
advanced nuclear energy fuels (UC), and in nuclear reactor
waste forms (PuO,).
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Introduction

We proposed that application of state-of-the-art
techniques to characterize chemical speciation could
transform forensics analyses of nuclear materials,
provided that the fundamental science required to
interpret the signatures is understood. Current forensics
methods rely upon physical, isotopic, and elemental
analyses. With this approach, potentially useful
chemical information is unrecognized, and chemical
heterogeneity in samples may not be detectable in a
bulk measurement. The need for innovative approaches
to address challenges particular to forensics has been
recognized by the Joint Working Group of the AAAS and
APS in a report, “Nuclear Forensics Role, State of the
Art, and Program Needs” [1]. We are addressing these
issues by exploiting newly developed tools to provide
the ability to couple chemical speciation with isotopic,
elemental and morphological signatures, providing an
unprecedented ability to assess sample origin, intended
use, and history prior to or after loss of control.

Benefit to National Security Missions

A revolutionary approach to nuclear particle analysis
has direct benefit to three national security challenges:
forensic characterization of illicit material handling and
trafficking; location of clandestine facilities producing,
processing, and weaponizing nuclear material; and
detection of undeclared operations within nuclear
facilities under IAEA safeguards.

Progress

We are developing an understanding of forensics-
critical molecular signatures carried by actinide
materials ranging from bulk to the micron scale. Key
accomplishments include: 1) measurements and
analyses of environmental samples containing actinide
materials and products of actinide process chemistry, 2)
development of capabilities to manipulate particles, 3)
characterization of oxidized uranium (U) and plutonium
(Pu) particles following aging under controlled
conditions. We are training students and post-doctoral
scientists under this program to attract a new generation
of scientists to the field of forensic science, and we

are revitalizing UF6 chemistry and microanalysis at the
National Laboratories by training researchers new to this
field.

In support of 1): We have explored the use of
synchrotron-based micro-X-Ray absorption techniques
developed at the Stanford Synchrotron Radiation
Lightsource (SSRL) Beam Line 2-3 to image elemental
compositions and chemical speciation of environmental
samples containing actinides. These samples were
collected from soil contaminated by a fire at McGuire Air
Force Base in 1960, sediments surrounding containment
cribs at the Z-Plant complex at the Hanford site, soils
contaminated by the smoke plume generated from

the Chernobyl Nuclear Power Plant accident, and soils
collected from the Mayak nuclear facility. Following
elemental imaging of the samples to identify particles
of interest, lattice constants were measured with micro
X-ray Diffraction Analysis (micro-XRD), determination of
U oxidation state was measured with micro Extended
X-ray Absorption Near-Edge Structure (micro-EXANES)
and characterization of chemical speciation was
measured with micro X-ray Absorption Fine Structure
(micro-EXAFS).

Particles containing Pu were identified and isolated from
environmental samples collected from an environmental
remediation site in New Jersey. Elemental maps of two
particles reveal the presence of Pu, U, gallium, iron, and
titanium, spatially arranged in a heterogeneous fashion.
Although an oxidized U chemical species is predicted
based upon the exposure of the material to heat and
moisture in the environment, the chemical species of the
U and Pu is fluorite AnO2 (An — U, Pu).

Analyses of environmental samples collected from the
soil rim surrounding Hanford Z-19 trench at Hanford Sit
reveal blocks of material composed of light elements,
likely from the process chemistry. A significant fraction
of Pu is attached to these blocks, but the Pu does not
correlate spatially with any other elements present in
Hanford soils.

Alpha track analyses were first employed to locate
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particles in soil sediments collected from a waste reservoir
at Mayak. Analyses of these samples reveal that, while
the U may consist of a particular chemical species, the
species may engage in different spatial associations within
the environmental matrix (Figure 1). In one example, one
particle of U,O, is sitting next to an environmental mineral,
while another U_O, particle is correlated with a calcium-
based material in close proximity to an environmental

mineral.

schoepite

Figure 1. Micro-XRF images and micro-EXAFS spectra of
actinide particles in Mayak waste reservoir sediments
reveal the presence of U,0, and schoepite chemical
species, each characterized by different spatial associations

within the sediment matrix.

Uranium hexafluoride (UF,) is a ubiquitous material

in the nuclear enterprise. Our goal is to identify clear
forensic characteristics of UF_ hydrolysis products that

can be used to accurately determine the history and

origin of the U particles. It has been reported that UF,
hydrolyzes rapidly in air to a series of hydrated UO,F,

and UO,(OH), complexes, depending on humidity,
temperature, and environmental chemistry (pH, oxidizing
potential, etc.) [2,3]. Other recent reports on the
generation and characterization of uranium containing
particles by atmospheric hydrolysis reveal interesting
information about the isotopic and morphologic properties
of UF, reaction products [4,5]. We have assembled

a reaction chamber in which UF_will react with a
humidified atmosphere at a predetermined humidity and
temperatures (Figure 2). The resulting uranium containing
particles are allowed to gravimetrically settle onto the
surface of sample collectors on the bottom of the reaction
vessel. The sample collectors have been designed to
facilitate transport and analyses of particles by SEM, micro-
Raman, XRD and other methods on-site with minimum
physical manipulation of products. The ability to analyze
these samples soon after generation, as well as to age

and store them under controlled and closely monitored
conditions, ensures that analytical results can be accurately
attributed to known chemogenic conditions.

In support of 2): We installed particle probe and gripper
manipulators from DCG Systems that interface with

our Field Emission Environmental Scanning Electron
Microscope. In a test measurement, we located a particle
estimated to be a few micrograms from an approximately
80 gram soil sample, and isolated it from the surrounding
bulk material, placing it on a registered location. We
installed a confocal optical imaging microscope for

imaging U particles 120 nm laterally and 50 nm axially with
hyperspectral fluorescence and Raman microscopy for
bench-top characterization. Installation of both a custom-
designed Class 1000-10,000 rated Clean Laboratory

and the Cameca IMS 1280 was completed. This activity
required facility modifications (fire detection/suppression
systems, HVAC installation and an electrical remodel),

and on-site installation by four factory engineers over

five months to complete physical installation, alignment,
tuning, acceptance testing, and training.

¥ UF, +H,0 - UOF,
rapi oG

S8 UOF, +H,0—“ U0 F, =~ ([UO,J" 2F°)

4 UO,F, + H,0—_,O,F, -nH,0

| UO,F, -nH,0—** U0, -HF,H,0

&l UO, -HF,H,0 - UO, -nH,0+HF 1

Figure 2. (a) The reaction chamber, shown above, is

used to allow UF, to react with a humidified atmosphere
under controlled temperature and relative humidity.

(b) Depending on the amount of moisture present, UF,
hydrolyses through a number of compounds. All of these

intermediates — with the exception of UOF, — may coexist.

In support of 3): Theoretical modeling was carried

out to understand the initial steps of UO, oxidation by
studying how oxygen atoms add to UO, (111) surfaces,
and to characterize the complete bulk oxidation process
from UO, to U,0, including formation of U,0, and

U,O, compounds. Oxidation was simulated using DFT

by adding oxygen atoms to a UO, crystal described by

a 2x2x2 supercell expansion of the fluorite unit cell.
Clustering was investigated by creating different local
oxygen configurations based on earlier results from the
preferred local cluster geometries and by performing DFT
based molecular dynamics simulations that try to achieve
simulated annealing of the starting configurations. In
order to complement studies of the oxidation of fluorite
Uo,, , we performed simulations of U,O, reduction

using a similar supercell approach. The results show that
fluorite UO,_ is stable up to U,0,, after which the U,0,
phase is preferred. Both U,0,and U ,O, emerge as stable
phases, in good agreement with experiments; however,
our simulations propose new structure models for these
compounds. We are currently analyzing experimental
structure data for U,0_ and U,O, in terms of the new
structure models to determine if they offer an advantage
over existing models in the literature (Figure 3).

We are pursuing measurements at the Los Alamos Neutron
Science Center to measure the kinetics of the formation of
uranium-oxygen phases UO,, UO, , beta-U409 and alpha-
U,0,, the diffusivity of the oxygen in different media-defect
structures, and the micro-structural changes during oxygen
defect formation and migration. We are also initiating
measurements to perform in situ neutron diffraction
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of UO, to probe the complete circle of oxidation and
reduction conditions, the atomic-scale changes in micro-
structure, the mechanism of oxygen defect formation and
subsequent clustering, the anisotropic oxygen diffusion
pathway, and phase transformations for the complex
oxidation processes of UO, and UO,_ .

We have three Post-doctoral Research Associates, two
Graduate Research Assistants and one undergraduate
student working on this project, and we are bringing in a
fourth Post-doctoral Research Associate to contribute to
the project in January 2012.
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Figure 3. This graph is a comparison of fit (background,
lattice parameters, and profile functions) of the proposed
U,0, structure to neutron diffraction data. The inset
shows the new U_O, structure model derived from DFT

377
calculations with the oxygen cluster ions highlighted.

Future Work

Our research plan is designed to answer fundamental
scientific questions required to exploit both new and
“traditional” forensic signatures. Current techniques
employed for forensics analysis cannot exploit the full
range of information potentially available from nuclear
materials, particularly process and age information that
could be measured from speciation changes. More crucial
is a lack of understanding of the fundamental reaction
processes that drive changes in various chemical and
isotopic signatures, how the rates of these processes are
impacted by changes in the simplest parameters found in
an industrial setting, and if/how these scale as a function
of material size. Our research plan in the final year of
this project is to complete analyses of synchrotron-based
measurements for publication in peer-reviewed journals,
to characterize complete modeling studies of oxidation of
uranium oxides, and to accomplish the spatial registration
of a particle and measurements in order to characterize
the chemical speciation, image morphology, and
determine isotopic composition of the sample.

Conclusion

Experiments carried out on particles reveal that signatures
of their origin and chemical history are quite strong,
including details of other materials which were in close
physical proximity or accumulating elements from
structures that they contacted. In agreement with reports
to study environmental transport and fate of actinides [6],
it is apparent that materials produced from waste streams
are relatively small and homogeneous, while materials
released from more extreme conditions, such as heat or
pressure, are larger and elementally inhomogeneous.
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Introduction

Epitaxial nanocomposites, in which emergent behaviors
can be achieved through interfacing different strongly
correlated materials at the nanoscale, provide a new
design paradigm to produce enhanced and/or novel
properties that cannot be obtained in the individual
constituents. Several recent experimental results

have shown that new functionalities and emergent
behaviors in complex metal-oxides can be obtained
through constituent interactions on micro-, meso-,

and macro-scopic scales. However, empirical rules are
currently used to guide research on such materials,

and the state of the art remains at the “observation/
validation” stage. We cannot yet fully control or predict
their properties. We proposed an innovative approach
to control emergent behavior in hybrid complex

oxide nanostructures. More specifically, our goal is to
manipulate the competing interactions by designing
and synthesizing complex oxide nanocomposites using
ferroelectric, ferromagnetic, and high-temperature
superconducting materials as the functional
components. We pursue a conceptually new approach
to design new architectures with entirely new or
significantly improved functionalities, by understanding
the emergent physics that evolves over multiple length
and time scales in these systems. Our ultimate objective
is to develop a framework for understanding and
controlling the states that emerge from strong electronic
correlations. The impact of this project is expected to
reach well beyond these particular materials as this
study will enable the transition from “observation and
validation” to “prediction and control.”

Benefit to National Security Missions

This research strongly supports the LDRD Materials
Grand Challenge, specifically, “Strategies exploring and
developing the ability to control emergent phenomena.”
It underpins three of the five Scientific Grand Challenges
identified in the DOE-BES Report, “Directing Matter

and Energy: Five Challenges for Science and the
Imagination.” This research will result in materials

with tunable and/or improved or novel functionalities
such as enhanced magnetoelectric effects, which will

enable next-generation devices for sensing, information
storage, advanced detection, or spintronics of interest
to DOE, DOD, IC, and industry. Finally, this work exploits
the capabilities at MPA-CINT of Los Alamos National
Laboratory, a DOE National User Facility.

Progress

In the past year, we made tremendous progress for
this project. This can be testified by our many refereed
journal articles published in 2011. In the following, we
summarize the key technical accomplishments.

We have used both conventional pulsed laser deposition
and laser molecular beam epitaxy to grow vertically
aligned epitaxial nanocomposites and multilayered
structures needed for this project. We have successfully
prepared fully strained much thicker BaTiO,:Sm. O,
vertically aligned epitaxial nanocomposites. In more
detail, we have grown self-assembled nanoscale
composites of BaTiO, (BST) and Sm_O, (SmO) up to

1.25 m thick that exhibit tetragonality up to at least
800°C and strong remnant polarization to at least 330°C
(potential for ferroelectricity up to 800°C). The enhanced
Curie temperature is a consequence of uniform,

vertical strain coupling between stiff 10 nm regular
interspersed nanocolumns of SmO and a surrounding
BTO nanomatrix, preventing the onset of the tetragonal
to cubic phase transition. The nanocomposite structure
improved BTO crystalline quality and reduced the
leakage current (please see our article published in
Nature Nanotechnology, 2011 for more details). We
have also synthesized single layer and multilayer films
for scanning tunneling microscopy (STM) and ultrafast
optical spectroscopy studies central to the project. In
particular, we have deposited high quality superlattices
of [(La,,Sr,,MnO,) /(BiFeO,) ] (n=1,2,4,8,and

m =48, 24,12, 6) on SrTiO, (STO) substrates by laser
molecular beam epitaxy. These superlattices were fully
characterized by polarized neutron reflectivity.

We have made significant progress in applying ultrafast
optical spectroscopy to the study of quasiparticle
dynamics in different complex oxides and oxide
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heterostructures. We have performed some of the first
ultrafast optical experiments on multiferroic BiFeO,

(BFO) which exhibits both antiferromagnetic (AFM) and
ferroelectric (FE) ordering at room temperature. Optical
pump-probe spectroscopy reveals rapid destruction of
the FE polarization within ~1 picosecond (ps), followed by
electron-phonon coupling and radiative recombination
(observed in BFO for the first time) on a timescale of tens
of ps. We have also examined superlattices of BFO and the
half-metallic ferromagnetic (FM) manganite La _Sr, .MnO,
(LSMO), revealing large oscillations in the signal that may
be due to photoinduced strain wave propagation. We

are currently performing static and time-resolved second
harmonic generation (SHG) experiments on BFO to more
directly access the AFM and FE order parameters.

Optical pump-probe and time-resolved Kerr rotation
spectroscopy experiments on the AFM and FE ordered
multiferroic manganite ToMnO, (TMO) revealed a
coexisting weak FM phase in TMO at low temperatures,
which dominates the measured dynamics on intermediate
time scales. We have also examined heterostructures
composed of TMO and the canonical high-temperature
superconductor YBa,Cu,0, (YBCO), which show that the
superconducting state strongly influences quasiparticle
dynamics in TMO. Finally, we have performed optical
pump-probe and optical-pump, terahertz (THz)-probe
spectroscopy on YBCO/LSMO heterostructures. Our data
indicates that the magnetism in LSMO breaks Cooper
pairs in YBCO, reducing the superconducting gap. We are
currently preparing publications on our BFO, TMO, and
YBCO/LSMO results.

We used scanning tunneling microscopy/spectroscopy
(STM/STS) and magnetic force microscopy (MFM) to
discover unusual electronic and magnetic behavior of
ferromagnetic/superconducting heterostructures. Usually,
complex material functionalities disappear below certain
threshold film thickness due to strain effects. Indeed, our
spatially- and energy-resolved STM studies of very thin
ferromagnetic LSMO films on insulating STO substrate
revealed that LSMO becomes insulating below 4 nm
thickness due to presence of the residual stress, while
above this threshold thickness LSMO behaves like a bulk
material with a well-defined Curie transition temperature.
However, we have shown that metallic and magnetic
response of a LSMO deadlayer can actually be restored
and enhanced by interfacing with superconducting
EuBa,Cu,0, (EBCO) film - even 2 nm LSMO films exhibited
finite conductivity and ferromagnetic domain structure
when interfaced with EBCO. Moreover, the extent of
functional enhancement can be controlled by oxygen
content in the superconducting layer. We have attributed
this behavior to doping of the LSMO films by means of
hole transfer from EBCO layer. When films are exposed to
different environments (ultra-high vacuum or ambient)
one can observe slow (~days) transition of electronic
response of LSMO/EBCO heterostructures from metallic

to semiconducting. This agrees well with hole-doping
explanation when oxygen depletion from EBCO layer
causes doping decrease of LSMO films. Theoretical
simulations confirmed hole transfer across the interface
from the superconducting EBCO to ferromagnetic LSMO
and provided characteristic depth of the doping process
of ~5 nm, in good agreement with experimentally
determined 4 nm value. These results demonstrate that
degradation of material properties (i.e. conductivity and
magnetism) caused by reduced dimensionality can be
overcome by proper interface choice, and are directly
relevant to applications of deadlayers for future device
miniaturization.

As one part of understanding the interaction between
magnetism and superconductivity, we have identified the
effect of the ferromagnetism in a mangnite, to which a
high temperature superconducting cuprate is in contact,
being of classical field or electronic nature. As such, we
have been calculating the optical conductivity response
in the superconductor in the presence of a macroscopic
magnetic field, which generates magnetic vortices, and to
an exchange field. The former effect is revealed through
the change of Drude peak width due to the generation of
low-energy quasiparticles while the latter effect can be
related to the spin splitting. We have finished the study
of the former effect and the study of the latter effect is

in progress. The contrast between two effects can be
used to compare with the experimental measurement

of THz optical conductivity in the LSMO/YBCO interfacial
structure.

Theoretically, we have developed a theory of ferroelectric
(FE) transition induction by superconductor (SC)
correlations in the interfacial film. We examined the
effect of an electric potential on the carrier densities and
on transition temperature (Tc) of the conducting LaAlO,/
STO interfaces. We find that the electron density and
superconducting temperature can be significantly modified
by an external electric field. There have been experimental
observations that have explored the relationship between
an applied potential on STO heterostructures and the
increased carrier density or capacitance. Here, we take
this relationship one step further: we assume it is the field
effect that through nonlinear capacitance changes carrier
density. That in turn affects the superconducting coupling
and ultimately Tc. We present a simple mechanism of such
a phenomenon assuming a conventional pairing state at
the interface. This mechanism shows a possible route

to tunable materials properties and suggests an exciting
perspective on the way to tunable superconductivity.

Future Work

Interfaces and surfaces have played a critical role in
determining the physical properties of a broad range of
electronic materials. One of the most important goals of
modern materials physics and nanoscience is to control
materials and their interfaces to atomic dimensions.
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We use the broken symmetry at controlled interfaces in
complex oxide heterostructures to perturb the subtle
balance between competing physical phenomena.
Specifically, we will synthesize and investigate epitaxial
ferroelectric/ferromagnetic and ferromagnetic/
superconductor nanocomposites of different geometries
and controlled dimensions using laser molecular beam
epitaxy. We explore two architectures: the layered laminar-
like and the vertically aligned pillar-like nanocomposites.

A fundamental understanding of these material systems
necessitates the use of advanced characterization
techniques to study their physics. We use ultrafast
temperature-dependent optical spectroscopy from THz
through UV frequencies to probe electronic, lattice, and
spin dynamics in these materials. We also employ scanning
tunneling microscopy to characterize electronic phase
inhomogeneities as well as magnetic force microscopy

and magnetic resonance force microscopy to characterize
the magnetic properties on a nanometer scale. The
emergent behaviors (such as the magnetoelectric

effect, proximity-induced metal-insulator transition,

and giant superconductivity-induced modulation of the
ferromagnetic magnetization) and enhanced functionalities
(such as magnetic-domain-induced flux pinning in
superconductors) of the materials enable us to understand
the coupling between these components. In a coupled
synthesis, characterization and theory effort, we further
use ultrafast optical spectroscopy and nanoscale scanning
probes to investigate, and ultimately control, the character
of competing electronic, magnetic, and lattice interactions
as a function of structure and material composition.

More specifically, we will expand our effort to synthesize
layered structures consisting of Ba_,Sr . TiO, (BST)/LCMO
bilayers and other superlattices consisting of different
functional materials. This, for example, will allow us to
examine the interplay between FE order in BST and FM
order more directly, since the transition temperatures are
T..~100 K and T_~250 K, well within our experimentally
accessible range. This will also allow us to examine the
effect of “turning on” FE order on dynamics in the FM
phase by tuning the temperature below T_. We will also
continue to examine TMO/YBCO heterostructures, as well
as SrMnO, (SMO)/YBCO heterostructures. Since SMO does
not exhibit FE order but does exhibit AFM order, this will
allow us to examine the effect of the proximal SC order on
quasiparticle dynamics in TMO and SMO. By comparing
these materials systems, we can discern the separate
effects of FE order. Further, our initial data on YBCO/
LSMO heterostructures indicates that the LSMO layer
may also influence the pseudogap state in YBCO; we will
thus perform additional experiments and data analysis to
explore this exciting possibility.

We will continue MFM studies to investigate the presence
of inhomogeneous ferromagnetic ordering of thin (<4 nm)
LSMO films deposited on both STO and EBCO. The goal is
to determine if the film thickness can be used to control

the magnetic properties of the nanocomposites. We have
already designed new sample holder for a cross-sectional
STM studies. We will use this technique to gain direct
access to electronic/magnetic properties variation in the
vicinity of the interface in all future studies of interfaces. In
particular, this approach will allow deeper understanding
of the charge transfer effect through unambiguous
obsevration of characetristic doping scales and electronic
signatures of FM/SC orders competition.

Conclusion

We expect to develop a conceptually new approach

to understand the emergent physics that evolves over
multiple length and time scales in order to design

new materials with new or significantly improved
functionalities. The proposed integration of nanoscale
synthesis and coherent control, guided by forefront
condensed matter theory, is poised to forge a new
paradigm in the design of novel functionality through both
intrinsic and extrinsic control of competing interactions.
This research will result in materials with tunable,
enhanced or novel functionality, which will enable next-
generation devices for sensing, information storage,
advanced detection, or spintronics.
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Introduction

We are executing a transformational strategy to obtain
high-density hydrocarbon fuels from (non-food derived)
carbohydrates. To transform sugars to diesel and
gasoline, we need to get the oxygen out and hydrogen
in, and do so efficiently and environmentally soundly.
The development of effective biomass conversion
technology that integrates with existing fuel production
and distribution infrastructure would permit a shift away
from our dependence on foreign petroleum imports.

In fact, efficient conversion of renewable biomass can
account for 100% of current U.S. petroleum imports,
which add $250-450B per year to the country’s trade
imbalance. Even a 5% contribution from biofuels
eliminates approximately 375 million tons of carbon
dioxide per year. This area of transformational

research directly addresses important national security
transportation issues (tanks, jets and helicopters) and
can meet the mission needs of a wide range of sponsors.

Initially, we will extend the carbon skeletons of
biomass-derived carbohydrates through a class of
environmentally friendly, carbon-chain extension
reactions with other naturally occurring polyalcohols.
Inexpensive, water soluble metal catalysts will

then be developed for efficient deoxygenation and
hydrogenation of the resulting extended chain
polyalcohols, allowing facile separation of the resulting
chain-extended hydrocarbons. An essential element

of our strategy is the development of highly functional
catalysts that operate at low temperatures, thus
enabling dramatically higher conversion efficiencies and
selectivities than current methods. Successful execution
of the proposed work will provide transformational
science (especially in agueous phase homogeneous
catalysis) required to obtain useful fuels from cellulose-
derived feedstocks without wasting energy or carbon.

Benefit to National Security Missions

This area of transformational research directly addresses
National security transportation issues and represents
significant opportunities to address nationally-significant
WFO missions. For example, the DOD, the largest

consumer of petroleum in the world, has significant
interest in the future development of domestically
sourced biologically derived fuels. DOE’s OBP has seen a
dramatic increase in mission priority. With the successful
demonstration of the novel energy efficient conversion
of carbohydrates to high energy density fuels proposed
herein, LANL will demonstrate its capabilities for the
OBP mission and be successful in fostering a biomass-
related research and development program dedicated to
energy security.

Progress
Significant progress has been made across several key
areas:

We have further increased the scope of catalysts and
substrates in the carbon chain elongation chemistries
that utilize sugars or sugar derived molecules. This gives
us access to a wide range of potential fuels precursors of
varying carbon chain lengths.

We have investigated the mechanism of acid catalyzed
ring opening chemistry using furfural based systems
derived from eight and nine carbon atoms. This has
provided us with a greater understanding as to the
mechanistic aspects of the reactions using biomass
derived substrates

We have investigated the use of multi-component
catalytic systems and have demonstrated their utility in
preparing alkanes in a single reactor system

In collaboration with our theory colleagues, we

have investigated mechanistic aspects of several of
the transformations required to convert the chain
extended polyols into hydrocarbons. These include;
(a) mechanistic aspects of the organocatalyzed aldol
chemistries, and in particular the role of amine based
catalysts in determining reaction pathways and
transition state geometries; (b) the role of Bronsted
acids in ring opening chemistries; (c) the role of metal
based catalysts in deoxygenation chemistries.

We and our collaborators are also developing earth
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abundant metal catalysts (based on iron and copper) for
the hydrogenation of various pertinent substrates.

We have investigated the applicability of deoxygenation
chemistries using the so-called Barton-McCombie
chemistry with our biomass derived substrates

A provisional patent related to the production of
hydrocarbons was filed in the US patent office on 9/14/11.

Two of the Pls (Gordon and Silks) were symposium
organizers at the ACS National Meeting, Denver CO, Aug
2011. The symposium was entitled “Recycling Carbon:
Catalyzed Conversion of Non-Food Based Biomass to Fuels
and Chemicals”.

Future Work

Lignocellulose-derived polyalcohols constitute the most
abundant renewable organic carbon source on the planet.
In contrast to hydrocarbons, these polyalcohols are
characterized by an abundance of oxygen and typically
possess C3-6 chain lengths. Therefore, we seek to perfect
the chemical and engineering methods required to
selectively extend the carbon chain length and remove
the oxygen content of the starting material, while
minimizing energy input and loss of carbon (in the form
of CO2). Maintaining a focus toward large-scale industrial
viability, it is critical to develop thermally efficient (e.g. <
100 deg C) and “atom economical” processes for these
transformations. With appropriately designed catalysts,
the slight driving force required for these reactions

could be harnessed from industrial waste heat that is
presently discarded. The use of waste heat as an energy
source for fuel upgrading removes the need to drive a
high temperature process using a (sizable) portion of the
feed stock as the fuel. In addition, direct use of waste
heat in biomass conversion obviates the need for cooling
towers (where huge amounts of useful potable water are
consumed by evaporation). However, before this can be
realized, the required fundamental molecular science must
be perfected. The objective of this project is to develop the
transformational science needed to enable the high yield,
energy-efficient production of hydrocarbon fuels from
biomass-derived polyalcohols.

Conclusion

Within the next 30 years, world energy consumption is
projected to double. With decreasing global production

of crude oil, it is essential to our National security that
renewable alternatives to petrochemical feedstocks for
hydrocarbon fuels are developed. A constant, reliable
supply of these fuels would ensure that the transportation
of food, medicine, and consumer goods about the country
remains uninterrupted, regardless of sociopolitical conflict.
This project will integrate expertise in catalysis, stable
isotope chemistry, reaction engineering and theory/
modeling to forge a unique technical approach for energy-
efficient, carbon-neutral conversion of biomass-derived

polyalcohols to high energy density fuels.
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Introduction

Nuclear waste disposal is a significant technological
issue, and the solution of this problem (or lack thereof)
will ultimately determine whether nuclear energy is
deemed environmentally friendly, despite significantly
lower carbon emissions than fossil fuel energy sources.
A critical component of any waste disposal strategy

is the development of a waste form that prevents
radionuclides from entering the environment. The
design of robust nuclear waste forms requires
consideration of several criteria, including tolerance to
radiation damage and leaching, geological interaction,
and chemical durability; all of these criteria ensure
that the radionuclides do not escape. Over the past
30 years, there have been numerous and thorough
studies of candidate waste forms driven by these
criteria. However, most of these efforts have focused
on the performance of the candidate waste form at t
=0, with far less attention paid to the phase stability,
and subsequent durability, of candidate waste forms
during the course of daughter product formation; that
is, the aging of the material as its chemistry changes.
Systematic understanding of phase evolution as a
function of chemistry is important for predictions of
waste form performance as well as informing waste form
design. In this LDRD project, we attack the research
challenges associated with understanding waste form
stability, systematically studying the effects of dynamic
composition variation due to in situ radionuclide
daughter production formation.

The initial goal of this project was to validate and verify
the new concept of “radioparagenesis” discovered by
members of our team. Radioparagenesis is the formation
of unconventional crystal structures (e.g. a rocksalt
structure not seen in nature for BaCl) for compounds
formed during the chemical transmutation that occurs
during radioactive decay. In order to develop a predictive
capability to design radiation tolerant and chemically
robust nuclear waste forms (and in the process, remove
a significant obstacle limiting the expansion of nuclear
energy), we must first address a fundament materials
science question: What is the impact of daughter
product formation on the stability of solids comprised

of radioactive isotopes? To answer this question, we
are pursuing a multidisciplinary approach aimed at
accelerating the chemical aging process, by integrating
first principles modeling with the synthesis and
characterization of small, highly radioactive surrogate
samples. Improved and systematic understanding of
chemical aging will allow us to markedly improve the
predictability of nuclear waste form performance, letting
us backward design robust waste forms. In addition to
providing a potential innovative solution to the nuclear
waste problem, radioparagenetic phases may also
exhibit interesting materials properties for non-nuclear
applications.

It is worth noting that the nuclear weapons and
geophysics communities are faced with a similar
problem, namely the inability to directly obtain
information regarding aging of components due to
radiation damage and the composition of the Earth’s
core-mantle boundary, respectively. Their problems
are similar to our accelerated aging approach for the
study of compositional variation in nuclear waste forms.
Thus, we elected to embed our project appraisal in to

a workshop, which we have titled, “Formation of Novel
Phases Under Extreme Conditions.” The purpose of
this workshop was to explore potential relationships
between research activities that are similar in their

aim to discover novel materials, but differ by synthesis
routes (e.g. high pressure, radioactive transmutation,
radiation damage and dimensional constraint). The
workshop took place December 8, 2012, at Los Alamos,
and attendees are recognized international leaders in
their respective fields.

Benefit to National Security Missions

A critical problem for DOE-NE is providing a solution

for nuclear waste disposal. In fact, the Administration’s
description of the Fuel Cycle R&D program states that
the focus of this problem is “on long-term, science-
based R&D of technologies with the potential to
produce beneficial changes to the manner in which the
nuclear fuel cycle and nuclear waste is managed.” This
project directly fits this description. This project also
addresses issues of fundamental materials science, using
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computer simulation to design materials with engineered
functionality.

Progress

Significant and exciting progress has been made in
relatively short time. This is especially true for the
experimental component of our project, which involves
the synthesis and characterization of very small and very
radioactive samples. Our first sample was *CdS, produced
in hot cells at the Isotope Production Facility (IPF). ®°Cd
decays to ®Ag, with different chemical properties. We
produced °Cd by irradiating an indium target for a week,
producing 1.34 Curies of °Cd, or approximately 0.5 mg.
After the main sample was prepared on filter paper, a
smaller specimen was broken off and a suspension made
from it, which could be drop-cast onto TEM sample grids at
different points during the decay process. XRD has shown
that the nature of the sample at time zero is somewhat
uncertain, with a few unknown peaks appearing, but
showing no peaks attributable to the Greenockite or
Hawleyite polymorphs of CdS. A group of four sulfur (S8)
peaks was observed early in the decay, after ~ 6 months.
Five months later, two small peaks consistent with
elemental silver could be seen. TEM (now possible in the
MSL after a significant safety basis effort) of the sample
showed a significant amount of impurities, including
some silicon as well as what appear to be amorphous
silver nanoparticles. Our experiments continue, seeking

to understand the nature of the chemical evolution. Also,
we have expanded our sample inventory by considering
other isotopes. 'Be, which decays to ’Li significantly faster
than the others (53 day halflife), has been obtained as a
byproduct of RbCl targets that were irradiated to produce
82Sr. We are also considering compounds of ¢°Zn, which
will be crystallized as the oxide or the sulfide. It will be
made on a smaller scale (several ug) because of the higher
gamma activity of this isotope. %Zn decays to ®**Cu and is
obtained in several hundred mCi quantities as a byproduct
of the production of ®Ge from gallium metal, where it

is left behind after the desired %®Ge has been extracted.
Finally, we are also pursuing **Fe and *"’Lu.

Other activities within our project have also been
successful. Our first principles calculations has predicted
interesting bonding behavior for our experimental
materials, suggesting the potential for non-intuitive
materials property variation as a function of daughter
product formation. Further first principles calculations
provide pore-scale modeling parameters as inputs to
leaching calculations. We enhanced our pore-scale
model by accounting for strongly coupled ion transport,
species mass transfer, electrolyte hydrodynamics, as well
as homogenous and heterogeneous electrochemical
reactions. Numerically, the model is constructed using
more advanced finite difference discretization techniques.
This numerical modification enables the model to be
freely implemented on non-uniform grids, which is
particularly useful for describing the dynamic detail in

the thin interfacial electric double layer. The model is
being used to explore the interplay of ion transport,
electrolyte hydrodynamics, and electrode kinetics under
different electrochemical conditions. Next, the model

will be applied to investigate subsurface flow coupled
with surface complexation, which may be important for
geologic storage of nuclear waste. Regarding the applied
nuclear waste aspects of this project, wadeite (of the type
Cs,ZrSi,0,) and hollandite phases have been examined

as phases that may have the chemical “flexibility” to
accommodate the formation of Ba daughter products.
Specifically, Hollandite-type compounds, A B,O, . (A = Cs*,
Ba%, etc.; B = Ti**, AlI**, Fe*, etc.), possess a framework
structure of [BO,] octahedra via edge- and corner-sharing
with A cations occupying the tunnel sites. This group of
materials is of considerable interest as potential waste
forms for radioactive *’Cs and its beta-decayed **’Ba. To
assess the suitability of their use for Cs/Ba immobilization,
it is essential to determine their phase stability at extreme
temperature, pressure, and radiation conditions.

Future Work

This project consists of three tasks that correspond to each
of the following goals: develop a new branch of physics
and chemistry associated with our recent discovery of
radioparagenesis, utilize the insights gained to design
robust nuclear waste forms, and discover and characterize
heretofore unobserved materials with potentially
interesting properties. In the first year of this project,

we have established the capabilities to achieve these
goals (e.g. theoretical approaches have been confirmed,
experimental procedures for samples synthesis and
characterization have been established). Thus, we will
continue to pursue these goals via the approach described
in the project.

Conclusion

To conclude, modern theoretical methods along with
new experimental facilities offer a new opportunity to
understand the chemistry that occurs upon transmutation
and thus provide insight into the chemical aging of
crystalline waste forms. By combining first principles
calculations with accelerated aging experiments, new
insight into the chemical evolution of these materials -
critical for predicting stability within a geologic repository
- can be gained. In particular, thermodynamic studies can
elucidate the propensity for phase decomposition, while
accounting for kinetics will give insight into the rates at
which this phase decomposition might occur within the
geological setting. Nevertheless, insight is expected from
chemical aging studies, providing new avenues for waste
form design.
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Introduction

We made significant strides in the first year of our LDRD
program investigating the behavior of hydrogen in Pu-Ga
alloys. These include both administrative successes in
Pu research authorizations and meaningful steps in our
understanding of the H-Pu-Ga system.

Benefit to National Security Missions

LANL has a critical role in assessing and maintaining
the nation’s nuclear stockpile. A key LANL mission is to
understand the current state of the nuclear stockpile
and what will happen to it as it ages. In addition, LANL
is tasked with sustaining the capability to manufacture
Pu-containing parts for the stockpile. Since hydrogen is
a widespread impurity in our plutonium metal supply,
a comprehensive study of hydrogen effects will support
our ability to understand and predict the behavior of the
plutonium during manufacture and storage.

Progress

Experiments in FY11 focused on Pu-2 at.% Ga alloys. The
solubility of hydrogen in Pu-2Ga at 400°C was measured
at low concentrations (up to ~0.1 at. % H). Thisis a

first for the project; accurate solubility measurements
below ~0.04% hydrogen have never before been

made. The solubility is plotted in Figure 1 as a function
of H-content, and it can be seen that the solubility
increases significantly with relatively small increases in

H concentration in the low hydrogen regime. This novel
result supports the idea that H is a vacancy creating

and stabilizing impurity: as H makes its way into the Pu
alloy lattice, it stabilizes, or creates, vacancies which

in turn serve as sites for trapping more H. This self-
trapping mechanism results in an increasing solubility vs.
concentration curve. If no such mechanism was active,
we would expect solubility to remain low and constant in
this dilute regime.

In conjunction with these solubility measurements,
x-ray diffraction was used to determine the effect of
hydrogen content on the lattice parameter of Pu-2 at.
% Ga. A 3-step XRD measurement was conducted: 1)
pure Pu-2Ga was measured, 2) the same specimen was

then charged with ~1 at. % H (just below the level of
hydrogen that would cause the precipitation of PuH,),
and the measurement repeated, and finally 3) the
hydrogen was removed from the specimen by vacuum
annealing at elevated temperature and a final XRD scan
was performed. The results showed a decrease in lattice
parameter of ~0.14% after hydrogen-charging. This is
an important finding. It may be evidence for a vacancy-
multiplying effect due to the presence of hydrogen, as
vacancies would be expected to contract the Pu-2Ga
lattice. However, we are reluctant to commit to this
conclusion yet, because the results are complicated by
the presence of a surface layer of Pu-oxycarbide which
reduces the accuracy of the XRD lattice parameter
measurements. We must determine if this layer is
connected to the hydrogen charging process, as well as
develop a method for removing it from our specimens.
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Figure 1. Solubility (Ks) as a function of hydrogen
concentration at 400°C, in the dilute regime.

A set of specimens from the same batch of Pu-2Ga
alloys was prepared for examination at the Stanford
Synchrotron Light Source (Beamline 10-2). Both
diffraction and EXAFS (Extended x-ray absorption fine
structure) data were collected and are undergoing
analysis. Like the XRD data, the synchrotron diffraction
data clearly shows the presence of a significant Pu-
oxycarbide layer. EXAFS data will give us information
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about local bonding, e.g. bond lengths for H-Pu and Ga-Pu
bonds; this analysis is underway.

One goal of this program is to engage LANL's Pu facility and
Pu manufacturing program as an active research partner.
A major step was taken in this direction by a collaborative
effort to cast a multi-kilogram lot of high-purity Pu-7 at.

% Ga alloy, accomplished in August 2011 (Figure 2). This
was the first time in many years that a high-Ga casting was
made in the Pu Facility. A portion of the Pu-7Ga alloy will
be used as a master alloy, which will be enriched with Pu
to make a series of Pu-Ga alloys, so that thermodynamic
measurements can be made on a meaningful portion of
the Pu-Ga-H compositional space.

Figure 2. Freshly cast Pu-7 at.% Ga rods, shortly after
breaking out of the mold.

Photoemission Spectroscopy (PES) was performed

on highly pure Pu-2Ga specimens. These specimens
underwent a special repeated de-hydrogenating process
to push the hydrogen content below detection limits.
The PES measurements were performed at the lowest
temperature (9 K) and with the highest resolution (12
meV) to-date. These high resolution measurements
give direct information about the electronic structure

of the alloys. The measurements of hydrogen-free Pu-
2Ga are critical baseline data for understanding how the
electronic structure of Pu-Ga-H alloys is modified by the
presence of H.

We are measuring magnetic susceptibility on a variety of
Pu-Ga alloys as a function of hydrogen content to seek
transitional states between the non-magnetic Pu state
and the strongly magnetic Pu-hydride state. In FY11, we
measured the susceptibility of high purity, hydrogen-free
Pu-2Ga at LANL's National High Magnetic Field Laboratory.

As expected, no magnetic signature was observed; this
material will serve as the baseline for comparison to
H-charged Pu-2Ga, currently being prepared.

Positron Annihilation Lifetime Spectroscopy (PALS) will be
used by the project to detect the presence and measure
the volume of vacancy-hydrogen defects in Pu-Ga alloys.
In FY11, MST-7’s PALS system was successfully brought
from a storage state to full functionality, including all
work authorizations. Zr specimens were successfully
measured on the system as a readiness test. Unexpected
complications arose in FY11 regarding bringing Pu
specimens into the PALS location. Through the concerted
efforts of several project members, these have been
resolved, and PALS measurements will be made on Pu
specimens in FY12.

The interpretation of PALS data is complex. We decided
that a surrogate system should be used to develop our
understanding of PALS with respect to the detection and
guantification of vacancies prior to making measurements
on Pu-Ga-H alloys. PdIn was selected as a surrogate due
to its well-characterized and potentially very high vacancy
concentrations and its high solubility for hydrogen. A series
of alloys Pd(so_x)ln(smx) alloys, with 0<x<4, were synthesized
and characterized. Based on density measurements the
vacancy concentration could be as high as 8% in the

Pd, In., specimen, so the PALS signal should be quite
high. The PALS measurements on the PdIn specimens will
be made in early FY12. In parallel with this experimental
effort, density functional theory (DFT) methods are being
used to model the Pd-In system. A modification of basic
DFT methodology, involving adding a second density for
positrons in addition to the standard density for electrons,
allows the calculation of positron lifetimes. Calculating
lifetimes for a catalog of possible atomic defects in PdIn
provided a set of plausible lifetimes for comparison to
experimental PALS measurements. In addition, standard
DFT methods were used to examine structural properties
of Pd-In alloys. Using a relationship between the relative
locations of vacancies in the palladium lattice in PdIn and
the crystal structure of the indium-rich phase Pd_ In, we
were able to calculate the lattice parameter of PdIn as a
function of stoichiometry. Excellent agreement was found
with experimental results (Figure 3), giving confidence to
the connection between the theoretical calculations and
the actual defect structure in these materials.

DFT calculations were also performed to explore Pu-H
interactions, both at Pu surfaces and in the bulk. A variety
of methods were considered, each of which have strengths
and weaknesses. Ultimately, it was found that treating the
Pu metal as a quasi-random disordered antiferromagnetic
system suitably reproduced known Pu material and
chemical properties. Using this methodology, the
energetics of the entire hydriding process was calculated:
1) hydrogen dissociation and adsorption onto Pu surfaces

, 2) hydrogen absorption into the Pu lattice, and finally 3)
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the formation of PuH, hydride. Analysis of the electronic
structure of hydrogen in the Pu lattice indicated that

it has a partially anionic character. This observation
emphasized the need for the development of improved
methods for inclusion of ionic bonding into our atomistic
modeling efforts. Atomistic modeling using the modified
embedded atom (MEAM) formalism is extremely useful,
in that it allows us to model complex systems with a large
number of atoms. However, it is based purely on covalent
electronic interactions. Work is underway to develop
methods for extending MEAM to include ionic bonding
aspects, which will be a significant enhancement of the
method. This improvement will be particularly valuable
for systems that have strong ionic or mixed ionic/covalent
character, which we believe to be the case for the Pu-H
system.
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Figure 3. Lattice parameter of PdIn as a function of indium
content (xIn). The square and diamond shaped data points
are experimentally measured by XRD, and the circular
points and dotted line are calculated using DFT.

Future Work

In FY12, we will expand our analyses to include alloys with
higher Ga content, in order to develop our understanding
of the Pu-Ga-H ternary phase diagram. We will perform
PALS experiments on H-free and H-charged Pu alloys,

as a direct determination of the H-induced defect
structure. The methodologies developed for determining
positron lifetimes in Pd-In alloys will be extended to Pu
alloys. We will initiate surface analyses, and develop an
understanding of the means by which hydrogen moves
through the Pu-oxide and Pu-oxycarbide surface layers on
Pu alloys as it enters the bulk.

Conclusion

In FY11, hydrogen solubility and XRD experiments showed
evidence of anomalous behavior for Pu-2Ga when charged
with hydrogen. We demonstrated the functionality of
PALS for detecting atomic-scale defects and laid the
authorization groundwork for working with Pu in the PALS
facility. We will be able to use these results to make strong
progress in FY12.
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Introduction

Shock compression creates extreme conditions on

a rapid (ps) timescale, invoking multiple effects on

local chemical structures, including drastic molecular
compaction, unique steric and electronic structures,
adiabatic heating, and transient non-equilibrium
partitioning of kinetic energy behind the front. As a
result, reaction mechanisms, their kinetics, and final
products can be quite different than under any other
conditions (thermal, catalytic, etc.). If the first chemical
reactions were better understood, our predictive
capabilities for the dynamic response of materials would
be dramatically improved, and further, shock-driven
reactivity could be “designed” into new molecules for
functional use under these conditions. However, there
remain significant challenges to understanding and
predicting chemical reactivity under these conditions;
most notably the harsh conditions, fleeting existence
of reactants and intermediates, and one-shot nature of
shock experimentation. Here a synergistic experimental-
theoretical program is aimed at interrogating and
interpreting chemical reactivity under shock conditions,
with a focus on establishing guiding principles for
simple, relevant chemical functional groups.

Benefit to National Security Missions
Predicting the evolution of chemical reactions in
extreme environments underpins our ability to

perform weapons assessments through predicting

how materials behave under dynamic compression,

and the development of realistic reactive models that
capture chemistry in both “inert” materials (such as
polymers, etc.) and explosives under shock conditions.
An improved fundamental knowledge is the only means
of enabling the design of new materials (beyond trial-
and-error) either for operation under shock loading,

or produced by the action of shock compression. The
themes of this project are directly aligned with Stockpile
Stewardship and related National Security missions, and
LANL's Materials Strategy (materials discovery, extreme
environments).

Progress

We have chosen to investigate three classes of simple
molecules containing C, N, O, and H, selected for
isolating key features of bond reactivity in relevant
chemical functional groups: high-oxygen molecules,
unsaturated structures, and ring compounds. Molecules
studied to date include simple high-oxygen structures,
including hydrogen peroxide and formic acid, carbon-
carbon single, double and triple bond structures
(substituted acetylenes, and olefin-containing structures
such as cyclohexenes, benzene, and acrylonitrile),

and C-N nitrile compounds (acetonitrile). We have
established an order of reactivity for C-C, C=C, C C, C=N,
N-N, and C=0 bonding under both shock compression
and static high pressure/temperature conditions.[1] The
ordering of reactivity has been established through in-
situ measurements of shock wave structures capturing
the reaction “cusp” condition on the principal Hugoniot,
and the temporal evolution of reactive flow behind the
first shock front. For example, molecules with carbon-
carbon double and triple bonds have been found to
react at modest shock input thresholds (near 4-7 GPa),
while aromaticity in benzene appears to stabilize the
molecule, pushing reactivity to ~14 GPa. Nitrile groups
react near 8 GPa, and C-C single bonds are stable to
much higher pressures (>20 GPa). We have observed
that shock-induced reactions near the incipient reaction
threshold occur over tens-to-hundreds of nanoseconds
behind the shock front. Figure 1 shows particle velocity
wave profiles from acrylonitrile, with an initial shock
input condition at 7.7 GPa. The initial shock wave (black
curve) evolves into a multiple wave structure indicative
of chemical reaction transforming acrylonitrile to a
higher density intermediate and product. From the
evolution of the 2" and 3™ waves, we can estimate the
global reaction kinetics for the two steps. At Pinput =77
GPa, the first step occurs over ~ 75 ns, and the second
step over ~ 50 ns.

Furthermore, the reaction kinetics has been found to
be dramatically accelerated by increasing the shock
input pressure relative to the reaction threshold “cusp.”
Figure 1 (right) shows the transformation times (global
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Figure 1. (left) Particle velocity profiles at ten Lagrangian positions in acrylonitrile shocked to 7.7 GPa. The evolution

of the input shock wave into a multiple wave structure is indicative of chemical reaction and the formation of a higher
density intermediate and product. (right) Transformation (reaction) time as a function of shock input pressure above the
threshold condition. The reactions are found to be very state sensitive and easily accelerated with increasing shock input
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Figure 2. Transient absorption spectra (wavelength vs. time behind the shock input) of phenylacetylene shocked to 5, 12,
and 18 GPa. An absorption in the red portion of the visible spectrum is observed following a temporal delay behind the
shock front. The pronounced absorption at 18 GPa is believed to be due to chemical reaction.

kinetics) of the two reactions in acrylonitrile as a function
of the shock input pressure above the threshold condition.
The reactions are highly state sensitive, speeding up a
5-fold rate acceleration when the pressure doubles. The
temperature rise over this range of shock pressures is
200K. This sensitivity is similar to that observed in the
initiation of liquid explosives. Overdriving the reactions is
also allowing us to make comparisons between gas gun-
driven and laser-driven shock experiments, linking the
timescales between them (>1 ns for gas gun experiments,
< 300 ps for laser experiments). Concurrent ultrafast
laser-driven shock compression experiments coupled

to transient absorption diagnostics in the first half-
nanosecond have shown red-shifts in molecular absorption
bands under shock compression that are indicative

of band gap collapse. Ultrafast transient absorption

measurements under shock compression have been
performed for cyclohexene, benzene, phenylacetylene
and other structures. Dramatic dynamic band gap
collapse was observed for phenylacetylene and benzene
at moderate shock pressures, Figure 2 [2]. A strong
absorption appears in the red portion of the visible
spectrum for phenylacetylene, following a temporal delay
behind the shock. The absorption is most pronounced at
a shock input condition of 18 GPa, Figure 2. Saturation

of the transient absorption feature for phenylacetylene
may indicate the first evidence of chemical reactions at
early times following shock compression. At 18 GPa,

the reaction is overdriven by ~ 14 GPa compared with

the reaction threshold determined by gas gun-driven
experiments and nanosecond-timescale diagnostics. We
are comparing gas gun-driven reactive threshold pressures
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Figure 3. (Left) Results of LATTE simulation of shocked liquid ethylene showing a polymerization reaction initiating after
shock heating occurs. (Right) Liquid ethylene molecules before (at left) and during (at right) an intermediate stage in the
shock-induced reaction. C atoms in polymerized chains are depicted in red.

and laser-driven spectral changes to link the two time
scales, and to identify electronic changes leading to
chemical reaction.

Comparisons between static high pressure/temperature
and shock-induced reaction thresholds indicate that
reactions often occur at 3-4 GPa lower pressures under
shock conditions than in static high pressure experiments.
High pressure reactions have been followed using both
Raman and IR spectroscopy at the National Synchrotron
Light Source, and high pressure angle dispersive x-ray
diffraction at the Advanced Photon Source. In two
systems studied to date, tert-butylacetylene and ethynyl
trimethylacetylene, raising the temperature at static

high pressure was found to reduce the reaction pressure
threshold for polymerization reactions to those closer

to shock thresholds. From these experiments, polymer
products, synthesized only with high pressure conditions,
have been recovered, and characterization of reaction
kinetics and product structures is on-going [3].

The development of a new theoretical reactive molecular
dynamics code, LATTE, has allowed for computation of
reaction pathways under simulated shock conditions

for an unprecedented number of atoms, and exciting
progress has been made in the first computations of
spectral features (specifically Raman-active modes) under
these environments [4,5]. For example, by improvements
in energy conservation in LATTE, early exothermic
bond-making reactions have been computed in the
polymerization of ethylene under high P/T conditions,
Figure 3.

The number of atoms that can be simulated has

been significantly increased by using sparse matrix or

GPU (graphical processor) implementations of novel
computational algorithms. We have also developed a novel
approach for the explicit simulation of the non-equilibrium
processes unique to shock compression that is made

possible only because of our unique ability to precisely
conserve the total energy during self-consistent MD.

Future Work

The interrogation of shock-induced chemical reactions

in simple organic structures using a suite of dynamic
(shock) drives, advanced diagnostics, quantum molecular
dynamics simulations, and static high pressure/
temperature investigations offers the best approach for
understanding the first reactions behind a shock front.
Our efforts will continue to focus on studying the same
chemical species using all of the methods available to

the team, including laser- and gas gun-driven platforms,
advanced velocimetric and spectroscopic diagnostics,

and in-situ probes of static reactions using synchrotron
x-rays, and infrared spectroscopies. A focus in year 2

will be implementation and application of time-resolved
spectroscopic probes to identifying bonding changes under
shock driven reactions, as well as measurement of slower
timescale kinetics observed under static high pressure
conditions. MD simulations of reactive chemistry will
provide feedback to the experiments via computed species
and their spectral signatures. We believe this integration
of experiment and simulation, matched in time scale and
diagnostic output, will define a new paradigm in shock
compression science.

Conclusion

Understanding chemistry under extreme conditions has
implications in space and planetary science, materials
performance in extremes, and weapons materials
response. Breakthroughs in establishing new chemical
reactivity paradigms under extreme conditions hold
tremendous potential for the discovery of enhanced
functional materials, and the design of more robust
materials for use in extremes. Not only would our
predictive capabilities of materials response to shock
conditions be substantially improved, this understanding
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could lead to the use of shock waves for preparing new
materials or tailoring response under shock compression.
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Introduction

We propose to radically transform materials modeling
and processing into a new regime of interface
dominance by developing and validating a new Meso,
Multi-Scale (M2S) model. In bulk multi-phase composite
metals containing an unusually high density of
heterophase interfaces, the bi-metal interface controls
all defect-related processes. Quite unconventionally, the
constituent phases play only a secondary role. With the
‘right’ characteristics, these bi-material interfaces can
possess significantly enhanced abilities to absorb and
eliminate defects. Through their unparalleled ability to
mitigate damage accumulation induced under severe
loading and/or severe environments, they will provide
their parent composite with a highly effective healing
mechanism and consequently an unrivaled robustness
not possible in existing advanced structural materials.
Today’s bulk synthesis techniques and materials models,
however, are unprepared to treat materials that are
dominated by bi-metal interfaces. Consequently we
cannot fabricate interface-dominant composites with
the needed interfacial properties. We plan to solve this
problem via the predictive and experimentally validated
M2S model. It will hold the unique capability to predict
the evolution of the interfacial structure and behavior
during bulk large strain deformation. To succeed in

this pioneering effort, we will spearhead new and
creative ways to overcome the areas in which current
methodologies are the weakest—in linking length scales
over the so-called ‘micron gap’ and accounting for the
special roles of bi-metal interfaces. This innovative
multi-scale predictive capability will for the first time
offer a tool to address materials falling within the new
paradigm of interface dominance and to predict the
synthesis routes needed for a targeted set of desired
interfacial properties.

Benefit to National Security Missions
This project addresses two themes of our Materials
Grand Challenge. 1) Defects and Interfaces: the
model we propose to develop can be used to
control interface behavior through its structure and
crystallography across sub-micron to meso length

scales. 2) Extreme environments: we will exploit very
large strain deformation to evolve interfaces with
desired properties. For the past decade, LANL scientists
have advanced our understanding of the atomic-scale
processes responsible for the extraordinary behavior

of bi-metal interfaces [1-2]. Our DR will integrate this
knowledge into higher-order length scale models in
order to synthesize structural materials with radically
extended lifetimes for next generation applications. New
classes of robust materials benefit missions as diverse
as military aircraft and armor, nuclear reactors, and
nuclear weapons.

Progress

The goal of this project is to develop a predictive and
experimentally validated model that holds the unique
capability to predict the evolution of the interfacial
structure and behavior during bulk large strain
deformation. This innovation will for the first time

offer a tool to predict the synthesis routes needed for

a targeted set of desired interfacial properties. Our
efforts in the first year have been focused on developing
new and creative ways to overcome the two key areas

in which current methodologies are the weakest: 1)
linking length scales over the so-called ‘micron gap’

and 2) accounting for the special roles of bi-metal
interfaces. We have also succeeded in making some
first-time observations of interface evolution during bulk
processing.

A crystal plasticity finite element method (CPFEM)
model of the multi-layered composite assembly has
been developed. Most FEM based models generate

a mesh that has no connection to the microstructure
of the actual material (Figures 1-2). Uniquely, we
developed a method to take discretized experimental
maps of the actual initial microstructure of the material
and transform them into discretized numerical maps
for simulation. We have also constructed dislocation
density based models for copper and niobium, the two
constituent metals in our experimental composites
that account for large-strain deformation (Figure 1).
These two accomplishments enabled us to predict
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crystallographic and morphological grain development
during large strain rolling (Figures 2b,c). The next step is to
incorporate interface/dislocation interactions.
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Figure 1. Characterization of the dislocation density model
for Niobium via experimental data from Chen and Gray.
This material model is used in the crystal plasticity finite
element calculations shown in Figure 2.
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Figure 2. Predictions of the crystal plasticity finite element
model (a) Initial structure, (b) Von Mises stress, and (c)
Equivalent plastic strain.

Important interface/dislocation processes regulated by
the interface include: 1) annihilation (sink), 2) nucleation
(source), 3) blocking (barrier), and 4) absorption (storage)
of lattice dislocations. Currently no interface model exists
that captures these phenomena. In our DR program, we
propose to develop an original analytical interface model
(AIM). To date, we have completed our first version

of AIM, which is a simplified form suitable for initial
incorporation into CPFEM.

In order to incorporate AIM into CPFEM we identified

the need to develop a novel flux-based interface model.
This new methodology essentially provides a vehicle for
incorporating AIM for interfacial response into the bi-metal
interface elements in the CPFEM code. Its formulation

has been completed and at present, programming has
begun. In its current form, it couples a standard crystal
plasticity framework to a model of dislocation transport
through a well-known kinematic relationship. Nonlocality
is incorporated via the long-range internal stress fields that
arise due to the accumulation of like-signed dislocations.
Detailed modeling of dislocation/interface interactions

is possible through the application of flux boundary
conditions for the transport equations at the interfaces
between neighboring grains.

We utilize Accumulative Roll-Bonding (ARB) to
successfully synthesize bulk Cu-Nb nanolamellar
composites from 1 mm thick high-purity polycrystalline
sheet into finer composites with layer thicknesses in

the range of 2 microns to 10 nm. Through extensive
analysis using neutron diffraction, electron back scatter
diffraction, transmission electron microscopy (TEM),

and high resolution TEM, we found that the interface
crystallography transforms from one type to another. This
transition and its influence on microstructural evolution,
such as texture, begins in the submicron range (around
800 nm). This result suggests that the interface evolves
to a stable state during synthesis and its new state has a
strong control on slip activity. Significantly, it also proves
one of the hypotheses put forth in our DR proposal. Two
papers are currently in preparation for submission into
Acta Materialia.

Prior studies on multilayered composites fabricated

by a bottom-up approach, physical vapor deposition,

and subsequently rolled or shocked indicate that the
interface can alter slip activity via confined layer slip or
deformation twinning, respectively. In contrast, in our
work, TEM analysis of the deformation mechanisms in
ARB multilayered composites finds that confined layer slip
initiates at layer thicknesses in the range of 40-90 nm and
deformation twins appear at 18 nm and 10 nm. These
mechanisms, therefore, operate at layer thickness far
below the critical value of 800 nm at which the interface
begins to alter slip activity. Consequently, we are seeking
alternative explanations for the role the interface plays in
microstructural evolution. As a first attempt, the geometry
of slip across the different interfaces encountered during
the ARB process is being analyzed (Figure 3).
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Figure 3. Analysis of the geometric relationship between
the copper and niobium slip systems across the bi-metal
interface observed in the copper-niobium samples made by
accumulative roll bonding.

Future Work

The breakthroughs achieved in this project are realized
through the ways in which we bridge interface physics
across the length scales Linkages between different
modeling methodologies will be created in two ways:
indirectly by passing information and directly by
embedding one model in another. Our DR will exclusively
focus on bridging scales over the micron gap, where
methodologies suffer the most, as opposed to attempting
to span the entire length scale range from atomistics

to continua. Our experimental component will guide

and validate the various components of the model at
complementary length scales and then ultimately the full-
scale, polycrystal model, M2S. The AIM is our key modeling
component that is wholly unique and innovative. To
communicate interface physics, we will creatively extend
well recognized and sophisticated LANL model capabilities,
including phase field modeling (PFM), single-interface
(SIM), and crystal plasticity finite element modeling
(CPFEM). We will take full advantage of the processing,
modeling, and nano-scale characterization expertise and
capabilities unique to LANL and this project team.

Conclusion

This DR pioneers a multi-scale materials model
incorporating bi-metal interfacial character. It contains
groundbreaking ways to 1) link atomic-scale interface
physics to the polycrystal level and 2) close the micron gap
that limits current methods. Such exceptional capabilities
can revolutionize the way we approach multi-scale
modeling for a wide variety of advanced materials. It will
for the first time navigate within the paradigm of interface

dominance and advance a new basic understanding of
interfaces in microstructural evolution. This fundamental
ability will provide for a radically new set of processing
design principles for orders of magnitude leaps in damage
tolerance.

References

1. Wang, J, R. Hoagland, J. P. Hirth, and A. Misra.
Atomistic modeling of the interaction of glide
dislocations with “weak’’ interfaces . 2008. Acta
Materialia. 56 (19): 5685.

2. Demkowicz, M. J., R. Hoagland, and J. P. Hirth.
Interface structure and radiation damage resistance
in Cu-Nb multilayer nanocomposites . 2008. Physical
Review Letters. 100 (13): 136102.

Publications

Al-Maharbi, M., I. Karaman, I. J. Beyerlein, D. Foley,
K. T. Hartwig, L. J. Kecskes, and S. N. Mathaudhu.
Microstructure, crystallographic texture, and plastic
anisotropy evolution in an Mg alloy during equal
channel angular extrusion processing. 2011. Materials
Science and Engineering A. 528 (25-26): 7616.

Chen, X, I. J. Beyerlein, and L. C. Brinson. Bridged crack
models for the toughness of composites reinforced
with curved nanotubes. 2011. Journal of the
Mechanics and Physics of Solids. 59 (9): 1938.

Chu, H. J., E. Pan, J. Wang, and I. J. Beyerlein. Three-
dimensional elastic fields due to a dislocation loop
in an anisotropic bi-material . To appear in Journal of
Applied Mechanics.

Chu, H. J., E. Pan, J. Wang, and I. J. Beyerlein. Three-
dimensional elastic displacements induced by a
dislocation of polygonal shape in anisotropic elastic
crystals . 2011. International Journal of Soilds and
Structures. 48: 1164.

Chu, H. )., J. Wang, C. Zhou, and I. J. Beyerlein. Self-energy
of elliptical dislocation loops in anisotropic crystals and
its application for defect-free core/shell nanowires.
2011. Acta Materialia. 59: 7114-7124.

Hunter, A, I. J. Beyerlein, T. C. Germann, and M. Koslowski.
Influence of the stacking fault energy surface on
extended partials with a 3D phase field dislocations
model. To appear in Physical Review B.

Wang, J., I. J. Beyerlein, N. A. Mara, and D. Bhattacharyya.
Interface-facilitated deformation twinning in copper
within submicron Ag-Cu multilayered composites.
2011. Scripta Materialia. 64: 1083.

Xu, X. F., K. Hu, I. J. Beyerlein, and G. Deodatis. Statistical
strength of hierarchical carbon nanotube composites.
To appear in International Journal for Uncertainty

72



Quantification.

Zhou, C,, I. J. Beyerlein, and R. LeSar. Plastic deformation
mechanisms of FCC single crystals at small scales. To
appear in Acta Materialia.

73



Chemistry and Material Sciences

Directed Research
Continuing Project

Next Generation lonic Liquids for Plutonium Science, Separation, and Production

George S. Goff
20110083DR

Introduction

lonic Liquids (ILs) offer a wide range of tunable

physical properties which can be used to stabilize
unusual f-elements oxidation states and unique
structural motifs and could be utilized in virtually every
separations technique relevant to the nuclear industry,
including solvent extraction, ion exchange, dissolution,
crystallization, and electrorefining. lonic liquids are low-
melting salts, often containing an asymmetrical organic
cation (such as a quaternary ammonium or substituted
imidazolium) and an organic or inorganic anion. The
ultimate goal of this project is to develop a fundamental
understanding of the chemistry of plutonium and other
actinides in ILs needed to develop advanced separation
technologies for manufacturing applications and
advanced nuclear fuel cycles. The behavior of plutonium
and actinides in non-conventional media such as ionic
liquids is currently not understood, but studies of these
systems offer great opportunities for scientific discovery
with the potential to revolutionize or augment current
separations and production technologies. We will seek
to understand the fundamental chemical and physical
phenomena such as solvation, solubility, electronic
structure of f-element complexes, and electrochemical
reduction and plating processes. Specifically, this
project will focus on identifying ionic liquids suitable

for electrochemically separating Pu from the other

light actinides (Th, U, Np, Am, Cm) as well as the light
actinides from the lanthanides.

Benefit to National Security Missions

This project addresses LANL's weapons and energy
security missions. Understanding actinide behavior in
non-conventional solvents can lead to revolutionary
nuclear material processing technologies that can
reduce costs, proliferation risks, and environmental
impacts, and eventually contribute to a sustainable
nuclear energy portfolio. Expanding the scientific
understanding of Pu and actinide chemistry is central
to LANL's leadership in Pu science and its function as
the NNSA Plutonium Center of Excellence. Developing
advanced separation technologies for used fuel, other
nuclear materials, or high-value isotopes such as Pu-242

supports LANL's Plutonium Science and Research
Strategy, and is of interest to NNSA and several DOE
Offices. The scientific challenge of understanding the
radiation-induced degradation of ionic liquids in extreme
radiation environments as found in used nuclear fuel
reprocessing is of great important to the MaRIE mission.
Training a new generation of actinide chemists as
postdocs is a critical aspect identified across the DOE
complex.

Progress

We have been taking a multi-faceted approach to study
the structural, thermodynamic, and kinetic behavior
of Puin ILs in order to demonstrate the feasibility

of using ILs for advanced Pu separations. We have
made significant progress in exploring the chemistry
of actinides in both conventional and task-specific ILs
(TSILs), which are functionalized with coordinating
ligands to incorporate the actinides into the cation

of the ionic liquid. For our project we have identified
1-ethyl-3-methylimidazolium bis(fluorosulfonyl)imide,
[C,MIM][Tf,N], as our baseline conventional IL and
N,N,N-trimethylglycine bis(fluorosulfonyl)imide, also
known as betaine bis(fluorosulfonyl)imide or [Hbet]
[Tf,N], as our baseline TSIL. A white paper has been
developed in completion of our first project milestone,
examining the potential application of ionic liquids to
defense applications of nuclear materials processing.
The guidelines developed in this white paper will be
used to evaluate the ionic liquids developed in this
project. Several highlights from the first year are
presented below.

Prediction of Electrochemical Stability of lonic Liquids

Currently, computational methods exist to predict
certain physical properties of ionic liquids, but there
are no methods to predict the electrochemical stability
of ILs. The electrochemical window corresponds to
the range of voltages that can be applied to an ionic
liquid before the cation will reduce and the anion will
oxidize. Having a predictive capability to accurately
describe the redox behavior of a new ionic liquid is key
to being able to identify and screen potential ILs with
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an electrochemical window wide enough to allow the
electroplating of Pu. Modeling ionic liquid systems proved
to be more challenging than standard polarizable solvents
(such as water), which can be adequately described with
a polarizable continuum model. Due to the low dielectric
constants and the ionized nature of ILs, the response due
to a change in oxidation state is the rearrangement of the
solvent environment rather than a change in polarization.
Our methodology for predicting the electrochemical
window uses a combination of quantum-mechanics and
molecular mechanics (QM/MM) approaches in order to
be able to explicitly simulate a large region of the solvent.
A single anion-cation pair is simulated using QM and

the surrounding environment is modeled with MM, for
which force-fields have been developed previously by
other authors. With this approach we have successfully
calculated electrochemical windows in good agreement
with experimental data for C MIM*-BF /, C,MIM*-BF
C,MIM*-Tf N". A manuscript is in preparation for the
computational methodology development with a follow-up
manuscript on the stability of these ILs at the edge of the
electrochemical windows.

Dissolution Mechanism of Uranium Oxides in Betaine
Bis(fluorosulfonyl)imide

One of the drawbacks of conventional ionic liquids is the
low solubility of metals in the ILs. In order to overcome
this, TSILs have been developed which have been designed
to bind with the metal ions to increase their solubility.
Previously, Nockemann and co-workers [1] showed that
the hydrophilic IL betaine bis(fluorosulfonyl)imide has
significantly higher solubility for U by incorporating it into
the cation of the IL. We have undertaken a systematic
study to understand the dissolution mechanism of UO,
and to quantify the role of water during dissolution.

Our dissolution studies have shown that dissolution

rates increase at higher temperatures and at higher
water concentrations. Solution studies indicate that

the uranium is being dissolved as the UO,** moiety and

is forming a strong complex with betaine. Only one
solution species has been observed over a range of U,
water, and betaine concentrations. Yellow crystals were
isolated from both the aqueous and ionic liquid phases,
single-crystal X-ray diffraction studies show a structure

of [(UO,),(bet) (H,0),][Tf,N],*2H,O. Characterizing the
undissolved solids by powder X-ray diffraction showed
that over time (days to weeks), undissolved UO, left in
contact with the [Hbet][Tf,N] is being reduced to U,O,.
Figure 1 shows the diffusion controlled dissolution of UO,
into a water-saturated [Hbet][Tf,N] solution. Over the
course of 36 hours, the UO, dissolves into the bottom IL
layer, which turns yellow, and the red _-UO, turns to the
dark gray U,0,. Because the IL appears to be a reducing
environment, UO, has significantly slower dissolution rates
than UO, and the UDS remain unchanged.

I

12 ours

hours 36 hours

Figure 1. Diffusion controlled dissolution of -UO, into the
task-specific ionic liquid betaine bis(fluorosulfonyl)imide
which is saturated with water. Over the course of 36 hours,
the UO, dissolves into the bottom IL layer, which turns

yellow, and the red -UQ, turns to the dark gray U308.

Solution Chemistry of Neptunium and Plutonium in
Betaine Bis(fluorosulfonyl)imide

The dissolution studies for UQ, into [Hbet][Tf N] indicated
that the IL is a reducing environment. This has been
confirmed by observing the solution behavior of both
Np and Pu in the same IL. Unlike U, which is primarily
stable as U(VI), Np and Pu have rich chemistries and

can be stabilized in multiple oxidation states. For the
betaine system, we have observed Pu in the +IV, V, and
VI oxidation states and Pu in the Il and IV oxidation
states. For example, starting with a Np(V) solution, the
NpO,* slowly reacts with betaine to form a complex. At
the same time the Np(V) is reduced to Np(IV), which can
then also react with betaine to form a solution complex.
We have observed changes in both the oxidation state
and complexation of Np with betaine over the course

of months, and Pu exhibits similar behavior with slow
reaction rates. Our future work will continue to identify
and characterize the dominant solution species and
oxidation states for both Np and Pu in [Hbet][Tf,N] .

Future Work

Our project future research efforts are divided into the
following thrust: Synthesis and Characterization of lonic
Liquids (1), Characterization of Actinide Complexes in
lonic Liquids (1), and Radiation and Chemical Stability
Studies (ll1), and Engineering Feasibility Analysis (IV).

I will identify synthesis routes for desired ILs that is

not commercially available. Purity and water content
will be determined along with key physical properties
(viscosity, density, electrochemical window, etc).
Structure-function relationships will be evaluated with
modeling and simulation, which will aid in screening and
identifying ILs for experimental studies. Il will examine
the coordination chemistry, solvation, solubility, and
molecular interactions of actinides and lanthanides with
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ILs. Dissolution rates of actinide metals, oxides, and select
salts (such as Pu oxalates) will be studied. Electroplating
of Pu will be studied by varying a range of conditions
including temperature, electrode material, and current
density. Modeling and simulation will provide insight
into the molecular interactions of ILs with f-elements,
and will guide experiments by identifying potential TSILs
which form stable complexes with Pu. Ill will encompass
short-term, high-dose irradiation studies as well as long-
term contact studies to examine stability of a few select
ILs. Decomposition temperatures and electrochemical
stabilities will also be examined. Identifying an IL system
with the potential for future process development will
depend on the evaluations against technical targets
developed in our white paper examining the potential
application of ionic liquids to defense applications of
nuclear materials processing.

Conclusion

This project is developing the detailed knowledge of the
behavior of plutonium and other actinides in conventional
and task-specific ionic liquids. This knowledge will be
used to develop advanced separation technologies for
manufacturing applications and advanced nuclear fuel
cycles. For example, if the electrochemical separation of
Pu can be demonstrated, this new technology can have
revolutionary impact on future separations strategies. The
results to date have been promising and we continue to
extend the knowledge-base of actinide chemistry in ionic
liquids.
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Abstract

Few-atom metal nanoclusters are collections of small
numbers of gold or silver atoms with strong fluorescence
emission. Nanoclusters are ideal for use in mission-
relevant applications including the imaging of complex
biological systems, the detection of biothreat agents,
and the development of nanoscale materials for the har-
vesting and manipulation of solar energy. Toward these
goals, we have explored bio-inspired and traditional
methods of cluster synthesis; characterized cluster mor-
phology and photophysical properties; correlated these
experimental measurements with theoretical studies;
and demonstrated the utility of the clusters for applica-
tions in biological sensing and imaging.

Background and Research Objectives

The next revolution in materials science will be the

first principles design and “atom-by-atom” assembly of
nanoarchitectures having specific properties. Recent ad-
vances in the synthesis of fluorescent noble metal nano-
clusters, for example, suggest that they will likely permit
the manipulation of light at the molecular scale, if only
their size and structure can be controlled at the atomic
level. Fluorescent nanoclusters are collections of silver
or gold atoms (2-31 atoms). They are small and brightly
fluorescent.

Biological systems make materials with precise structure
and controlled function. In nature, the design of materi-
als is encoded by DNA. From this genetic blueprint, pro-
tein and peptide templates are produced. These tem-
plates control the assembly of inorganic atoms. These
blueprints lead to materials with controlled structure
and properties that span many length scales. However,
nature’s materials fabrication is not perfect. Most ma-
terials nature makes are: structural (i.e. the foundation
of the house) and neither electronic nor optical. A major
opportunity in materials science is to develop methods
to create inorganic optical nanomaterials using atom-by-
atom assembly approaches inspired by and derived from
Nature.

We are mimicking biology to develop fluorescent nano-

clusters with exquisite synthetic precision. We are using
state-of-the-art experimental and theoretical tools to de-
velop an understanding of the electronic structure and
remarkable photophysical properties of these materials.

Scientific Approach and Accomplishments
While fluorescent clusters have tremendous potential
for use as fluorescent probes, there are a number of fun-
damental challenges that prevent their widespread use:

e Nanoclusters are difficult to make
e Nanoclusters are difficult to characterize

e There s little detailed chemical, physical, or theoreti-
cal understanding of their neither size nor photo-
physics

e Nanoclusters are difficult to use for bioimaging and
sensing.

Toward solving these problems, we have: utilized small
molecules and biological templates to produce nano-
clusters and used those clusters to detection protein and
DNA; developed methods to characterize cluster pho-
tophysics and size; and characterized their charge state
and ligand environment.

Toward production of clusters in stable templates that
allow ease in biolabeling, we have reported the synthe-
sis and photophysical properties of silver-nanoclusters
templated on DNA. We have produced a suite of clus-
ters with distinct excitation and emission wavelengths,
tuned to common laser lines [1]. These clusters are
very bright fluorophores (quantum yield up to ~60%)
Utilizing these clusters for multiplex protein detection,
we have developed an intrinsically fluorescent recogni-
tion ligand that combines the strong fluorescence of
oligonucleotide templated AgNCs with the specificity
and strong binding affinity of DNA aptamers for their
target proteins, to develop a new strategy for detection
of specific proteins (Figure 1)[2]. This new recognition
ligand and detection scheme is simple, inexpensive, and
a sensitive method for protein detection. When mixed
with target protein, the nanocluster looses fluorescence.
When mixed with nontarget protein(s), the nanocluster
remains fluorescent. In related work, we have developed

77



a AgNC that is dark. We find that this nanocluster can
turn-on the fluorescence, by 500 fold, when placed in prox-
imity to guanine-rich DNA sequences[3-5]. Beyond red
fluorescence, caused by guanine-rich DNA, we have cre-
ated a limited palette of colors by changing the nature of
the proximity sequence. Based upon this newly observed
phenomenon, we have designed a DNA detection probe
(NanoCluster Beacon, NCB) that “lights up” upon target
binding (Figure 2).
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Figure 1. AgNC that contains a protein recognizing aptamer
and fluorescent Ag nanocluster. The fluorescence of the
AgNC is only quenched when the aptamer binds its specific

protein target.
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Figure 2. NanoCluster Beacons turn a dark AgNC into a
fluorescent AgNC when, and only when, they bind a specific
DNA target.
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In a separation-free assay, a signal-to-background ratio of
76 was demonstrated for the detection of a human cancer
target (Braf) and 175 for flu (H1IN1) detection. In addition
to eliminating the need to purify DNA nanocluster probes
that do not bind targets, there is no need to remove the
silver nanocluster precursors used during nanocluster for-
mation. Since the observed fluorescence enhancement is
caused by intrinsic nucleobases, our detection technique
is simple, inexpensive, and compatible with commercial
DNA synthesizers. This new material has been awarded
an R&D100 award for 2011. More recently we have de-
veloped “chameleon” NanoCluster Beacons [6]. Like the

reptile, these chameleons change their color, in addition
to turning-on, based on subtle differences in their environ-
ment. We have used these chameleons to detect single
nucleotide polymorphisms (SNPS). SNPS are important in
human disease.

While other investigators have studied AgNCs, they have
had little definitive proof that these materials were col-
lections of Ag atoms (true clusters) and little information
about their ligand environment. For the first time in fluo-
rescent nanocluster science we have proven by EXAFS
analysis:

e AgNCs are clusters and have Ag-Ag bonds
e AgNCs have Ag-DNA bonds.

e The AgNC size is between 4-18 atoms (EXAFS: extend-
ed x-ray absorption fine structure, Figure 3)[7].
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Figure 3. EXAFS was used to characterize three different
AgNC. Each had a different size and ligand environment,
showing that there is DNA sequence specificity.

Cluster neutrality and template selection

The small size of few-atom fluorescent metal clusters, in-
trinsic biocompatibility, and tunability of their optical prop-
erties make them promising candidates for imaging and
sensing techniques via detection of their light emission.
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However, before our work, no significant evidence of clus-
ter’s neutrality has been presented. Since it was believed
that conventional approaches for the synthesis of Au or Ag
nanoclusters would require large and complex stabilizing li-
gands, such as dendrimers, peptides or DNA, no mechanis-
tic studies of the cluster formation have been carried out
in detail. We have demonstrated that the use of simpler
molecules, namely, primary and secondary amines could
lead to the formation of the luminescent species from
many types of gold and silver precursors. We find that the
first step in the formation of the light-emitting species is
through the formation of small metal nanoparticles, fol-
lowed by a digestion of the formed nanoparticle with
amine leading to the formation of small luminescent metal
(Au or Ag) clusters. We have characterized these clusters
and for the first time in cluster research we show that the
luminescent species is from neutral Au.

Photophysics: Cluster geometry, size and ligand
environment

From our theoretical studies we have determined the effect
of cluster geometry and ligand environment. We find that
while a simple “jellium” model can describe isolated clus-
ters, it poorly describes clusters with attached ligands. Fur-
ther, while dogma posits that the nanocluster fluorescence
depends mostly on cluster size, our computational results
suggest that the cluster geometry, ligand functionality, and
ligand number are the critical factors for determination

of fluorescence properties. Further, we show that strong
binding ligands (i.e. phosphine or thiol) will not produce
fluorescent species, while poor binding ligands (i.e. amine
or carboxylate) do. We have experimentally validated the
predictions in two recently accepted papers and in a mech-
anistic study. For this work, we have developed a Density
-Functional-Theory-(DFT)-based model to treat the ligand
effects and applied this model to the calculations of the ab-
sorption and emission energy and oscillator strength of the
ligated clusters. The calculations have clearly demonstrated
how the ligands influence the fluorescence properties (by
shifting the oscillator strength towards or away from the
lowest band edge state) and also suggested what type of
ligands can be used to produce the nanoclusters with the
high quantum yield [8-11].

Traditionally, nanoclusters have been synthesized using
soft ligands, such as phosphines or thiols that form strong
bonds with gold, and, with the exception of a mixed-ligand
protected cluster, tend to exhibit low fluorescence quan-
tum yields. Supporting the theoretical studies, we have in-
stead produced fluorescent metallic gold nanoclusters sta-
bilized by small molecule amine ligands (hard ligands). The
morpholine and piperazine backbones of Good'’s buffers
were used to template fluorescent clusters, through a pro-
cess of etching of nanoparticles first formed in the reaction
(Figure 4)[12,13]. The clusters are found to be subnanome-
ter sized, with nanosecond fluorescence lifetimes and as
bright, or brighter, than the commercial dye norharmane.

Another aspect of the theoretical work is to study the
energy migration (FRET) in collections of fluorescent nano-
clusters. In other words, study how energy moves from
one cluster to the other. This work has important implica-
tions in biological labeling and solar energy harvesting. To
address this problem, we have developed a general theo-
retical approach to treat FRET dynamics from first prin-
ciples. This approach allows us to express the FRET rate us-
ing transition densities available from the DFT calculations
performed as a part of the electronic structure character-
ization in small Au nanoclusters. Our primary result is fine-
tuning the ability to predict deviations from well-known
R® FRET scaling regime, where R is a nanocluster radius.
Provided, we have an ensemble of NCs, e.g. in a dendrimer
pocket, FRET dynamics becomes an energy hopping prob-
lem in a disordered system. In this case, a distribution of
the FRET characteristic times carries information on the
bio-molecule dynamics. To address this problem, we have
developed and currently implemented into a computation-
al tool, a multiple scale hopping algorithm on a graph. The
approach has been applied to simulate the energy transfer
in Au-cluster assemblies.

10 Angstroms
MES templated cluster

10nm

Figure 4. Small molecule templated Au nanoclusters are
highly fluorescent and small (smaller than dendrimer tem-
plated nanoclusters and quantum dots).

Impact on National Missions

This project supports the DOE mission in Threat Reduc-
tion by enhancing our understanding of the design and
synthesis of materials with defined properties for applica-
tion in chem/biothreat reduction, imaging, and the biosci-
ences missions of the DOE Office of Science. This work has
brought a brand-new capability, generation of fluorescent
nanoclusters, to the laboratory. Further, we have shown
their use in biodetection and are working with program
managers to develop new proposals and funding opportu-
nities. This project has resulted in attracting and perma-
nently hiring one theoretician.
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Abstract

Condensed matter physics is entering an exciting age
where our emerging ability to control materials prop-
erties holds tremendous promise for addressing the
world’s most basic needs. Superconductivity, the perfect
flow of electricity resulting from quantum mechanics on
a macroscopic scale, will be critical for meeting the ener-
gy demands of the future. Unconventional superconduc-
tors, with their inherent strong electronic correlations
of d- or f-electrons allowing the flow of current without
loss at temperatures nearly half that of room tempera-
ture, provide the best opportunity for meeting these
energy needs. To date, the inability to design supercon-
ducting materials from basic principles has plagued the
international scientific community and represents one
of its greatest challenges. Recent experimental discover-
ies reveal materials-specific anisotropic characteristics
of these complex electronic oxides and metals that
enhance their superconducting properties, but their mi-
croscopic origins are completely unknown. Our scientific
objective was to utilize a novel approach to discover the
fundamental atomic-scale, structure-property materials’
characteristics that generate this unconventional super-
conductivity employing a comprehensive suite of experi-
mental probes and state-of- the-art theoretical tools.

Background and Research Objectives

In conventional superconductors phonons (lattice vibra-
tions) can actually create an attractive interaction be-
tween two electrons, which results in a superconducting
state. Unconventional superconductors take advantage
of strong magnetic interactions to create an attractive
interaction between electrons. Exactly how this is done
is still not clear, but if we assume an analogy to the
conventional phonon mechanism then the supercon-
ducting transition temperature, T, is determined by the
expression T_=T exp (-1/N_) where T, describes the
magnitude of the magnetic fluctuations, N is the density
of states at the Fermi level (which is just another way to
say how many electrons are available to go supercon-
ducting) and _ is a term that describes how strongly the
magnetic fluctuations are coupled to the electrons. In
this description the devil is in the details of _. Phenom-

enologically, it is clear that more layered structures lead
to higher superconducting transition temperatures. The
basic reason is that when either the magnetic fluctua-
tions or the charge excitations become more anisotropic
_ becomes bigger which allows for higher transition
temperatures T_(assuming N and T are the same). Our
research objective was to help develop a set of empirical
rules that converted crystal chemistry information (ie.
bond angles and bond distances) to physical observables
that correlate with the superconducting transition tem-
perature.

Scientific Approach and Accomplishments
The fact that cuprates, pnictides, organics, and heavy
fermions share common phase diagrams, and that T
scales with the neutron resonance energy suggests that
the origin of superconductivity is common to all these
systems. Our approach looked to exploit the so-called
“115” family of cerium and plutonium based heavy
fermion superconductors (see Figure 1). There exist dif-
ferent advantages for studying different classes of super-
conductors depending of the approach to be taken. For
our approach we have chosen to focus on heavy fermi-
ons for five reasons:

e 12 known superconductors exist in this family, which
allows us to see how changes in crystal chemistry
influence physical properties.

e The very small energy scales allow stoichiometric
materials to be easily tuned with modest amounts
of pressure and/or magnetic field, in contrast to
cuprates, which are not easily tuned with “clean”
parameters.

e The mean free path has been shown to exceed 1 _m
in the 115’s, which allows for more detailed studies
of the intrinsic electronic behavior. Contrast this with
inhomogeneity in cuprates and pnictides, which is so
prevalent that one is forced to consider whether it is
a necessary ingredient for superconductivity.

e T varies by two orders of magnitude from 0.2 K'in
Celn, to 20 K'in PuCoGa,!

82



e  Finally, aside from the many observations, which tie
the physics of heavy fermions directly to that of the
cuprates, one should keep in mind that heavy fermions
are high temperature superconductors in their own
right. Compared to the characteristic energy scale of
the electrons (T,) the 115’s have T /T =2.3 K/41K =
0.056 which is even greater than the high T_cuprates
T/T,=95/2400 = 0.040.

Consequently, by understanding how the variation in crys-
tal chemistry of these materials leads to differences in
their physical properties, we hope to unlock some of the
mysteries to design future superconductors. This family

is built out of alternately stacked layers of Celn, (Cerium-
indium) and Min,, where M represents a transition metal
(Figure 1). The more layered the material, the more aniso-
tropic the physical properties become which should be
good for superconductivity on both theoretical and phe-
nomenological grounds.

A major accomplishment of this projected was the directed
search and discovery of superconductivity in a more lay-
ered version of CeRhin, (Cerium-rhodium-indium). CePt,In,
(Cerium-platinum-indium; see (Figure 1) is a magnet at
ambient pressure, an antiferromagnet to be precise where
the spins of the cerium atoms point in opposite directions
for neighboring sites. By applying pressure we could sup-
press the tendency for magnetism and superconductivity
emerged with a maximum transition temperature of 2.1 K.
However, this superconducting transition temperature is
not higher than CeRhlIn_ which has a maximum supercon-
ducting transition temperature of 2.3 K. Why not?

Reducing Dimensionality

Celn, ,

yipimpueg Suisealou)

ok 2= 1
- (‘éb"} aF
% % \b 2
v PuCoGa; ' )
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Figure 1. The “115” family. Celn3 is a cubic material shown
on the left. By inserting a MIn2 (M=transition metal) layer
one arrives at either the bilayer 218 structure or the single
layer 115 structure. An additional MIn2 layer can be insert-
ed resulting in the even more layered 127 structure. Finally,
replacing the cerium atoms (purple) with plutonium atoms
(red) one sees that the plutonium superconductors have
the same structure as the cerium based superconductors.

While the structure of CePt,In_ is certainly more layered
than the 115’s we needed to determine if the charge and
spin degrees of freedom in the material actually were
more anisotropic. This was accomplished first by grow-
ing single crystals of the material, which allows for their
anisotropy to be measured. This was an incredibly chal-
lenging task requiring over 200 different synthesis at-
tempts to achieve a successful growth recipe. The anisot-
ropy of the charge degrees of freedom were subsequently
measured experimentally at the National High Magnetic
Field Laboratory. They confirmed our theoretical prediction
that the charge anisotropy is indeed greater in CePt_In,
than it is in CeRhlIn,. Thus, all else being equal _ should be
larger in CePt,In_ and consequently so should Tc.

However, we now believe that all else is not equal. Our
theoretical work suggests that the magnitude of the mag-
netic fluctuations (T) is likely weaker in CePt,In_ than

in CeRhin,, and another possibility is that the magnetic
anisotropy has changed. Our studies of the spin degrees of
freedom using nuclear magnetic resonance has shown that
T_is enhanced in the 115’s as the tendency for the mag-
netic spins to lie flat in the plane is increased. It still needs
to be determined how strong this tendency is in CePt,In..

With the discovery of CePt,In_ single crystals, came the
knowledge of how additional materials with a similar
structure could be synthesized. We have been able to ex-
ploit this knowledge to discover several related plutonium
compounds. PuColn, (plutonium-cobalt-indium) is a new
compound we have succeeded to grow with this newfound
information, and it is the third known plutonium based
material to exhibit superconductivity, in this case at 2.3 K.
During the course of our studies of the magnetic degrees
of freedom we discovered that the cubic material Puln, is
an antiferromagnet at 14 K. The fact that Celn, (Cerium-
indium) is an antiferromagnet at 10K and CeColn, (Cerium-
cobalt-indium) is a superconductor at 2.3 K at ambient
pressure, makes for a striking similarity between the pluto-
nium and cerium based compounds. This perfect analogy
is however broken with our results that show that the plu-
tonium analog of CePt,In_ (namely PuPt2In7 — Plutonium-
platinum-indium) is neither magnetic nor superconducting
down to 2 K. Thus, it becase imperative to understand
theoretically the similarities and differences of the cerium
and plutonium based 115s.

This was a difficult task because it is not easy to capture
the strong electronic correlations, which are present in
these materials in today’s state of the art electronic struc-
ture codes. To do so, we made several upgrades to the
“solver” for our dynamical mean field theory calculations,
which gave us the energy and temperature resolution to
see what is happening to the charge degrees of freedom.
We found that for plutonium the behavior as a function
of pressure is the same as that in the cerium compounds.
The calculations also indicate that while the structure of
PuPt In_is the same as CePt,In_ it may have different be-
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havior because it is significantly more strongly bonding
than PuColn.. This leads to a new interpretation for the 20
K superconductor PuCoGa, (Plutonium-cobalt-gallium) that
was discovered at LANL eight years ago. It suggests that
the high transition temperature in that material is not due
to magnetic fluctuations, but rather to fluctuations in the
valence (charge) degrees of freedom.

The work we have done support a set of phenomenologi-
cal rules that suggest layered structures in the proximity
of magnetism are good for superconductivity. We have
exploited our ideas of using common building blocks to the
new pnictide superconductors as well, and have discov-
ered several new Ni-based superconductors. In addition,
we have established that the Nickel-based systems are
likely to be conventional superconductors. Surprisingly,
the superconducting transition temperature scales in the
Nickel compounds in a similar way to the Iron compounds,
which suggests that coupling to the lattice is more impor-
tant than, originally thought for producing the relatively
high transition temperatures. We have also performed
measurements of the charge degrees of freedom and
theoretical modeling work to understand the interplay of
magnetism with the anisotropic pairing potential, which
generates superconductivity. NMR measurements have
shown that the magnetism coexists microscopically with
the superconductivity. As promised, we have also synthe-
sized new systems with actinides and the iron-arsenide
compounds, discovering a new Uranium-Iron-Arsenide ma-
terial. This material is magnetic. As in other iron arsenide
compounds, it may require pressure or doping to generate
superconductivity.

To help identify whether additional compounds with prom-
ising structural features could be stabilized experimentally
we also investigated the structural stability of hypotheti-
cal compounds using brute force theoretical calculations
coupled with chemical intuition provided by our chemists.
This approach predicted several new compounds. Although
we did not expect that they had the correct microscopic el-
ements for superconductivity, we confirmed the validity of
this approach by synthesizing one of these predicted com-
pounds (Celr,In —a cerium-iridium-indium compound).

Additional theoretical work has demonstrated how we can
interpret point contact tunneling and field angle specific
heat experiments. In addition, we have developed a large-
N equation-of-motion impurity solver, and are also devel-
oped the NRG algorithm for two-impurity models. This is
an important step for trying to understand the Coulomb
interaction between two different f-element atoms. Spe-
cifically, this permitted us to explicitly look for effects due
to magnetism and Kondo coherence and be able to predict
superconducting transition temperatures in the vicinity of
magnetism.

We also finished refurbishing a zone refinement setup and
built our own electro-refining setup, which can remove

strain and magnetic impurities from crystals, respectively.

Higher quality crystals result in much better signal to noise
ratios in our measurements. This helped allowed us to ob-
serve the physics that is responsible for superconductivity,
and future material studies will certainly benefit from this

new capability.

Impact on National Missions

This project supported the DOE mission in nuclear weap-
ons by enhancing our understanding of actinide materials
in general, and helping to sustain the LANL plutonium ca-
pability, in particular with respect to growth of plutonium
containing compounds. In addition, we directly supported
the DOE mission in energy security by enhancing our un-
derstanding of superconductors, and our ability to discover
new ones.
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Abstract

We have developed and demonstrated accurate tech-
niques for combining the power of both accelerated and
large-scale molecular dynamics (MD) methods, enabling
for the first time atomistic simulations with both large
size and long time scales — tens of millions of atoms for
microseconds rather than the previous nanoseconds.
These techniques have been used to study two funda-
mental materials science problems: (1) the nucleation,
growth, and coalescence of voids leading to failure in
metals; and (2) the interaction of a dislocation pileup
forced against a grain boundary (GB), a fundamental is-
sue controlling material strength. During this three-year
project, we have made a significant advancement in hy-
brid accelerated/large-scale MD methods, and improved
our understanding of the fundamental physics underly-
ing our two targeted problems; however, much work re-
mains to be done before hybrid accelerated/large-scale
MD methods can be applied to a wider class of prob-
lems. In this final report, we focus on the progress made
in five areas: (a) Local-bias hyperdynamics algorithm de-
velopment and implementation; (b) Dislocation pileup —
grain boundary interactions; (c) Void nucleation and the
ultimate strength of materials; (d) Void growth dynamics
and system embedding; and (e) tantalum potential de-
velopment and applications, to enable subsequent study
of body centered cubic (bcc) metals.

Background and Research Objectives

In recent years the field of atomistic-scale simulations of
materials behavior has seen two exciting developments.
First, the continuing advances in high-performance com-
puting, in particular the maturation of massively parallel
supercomputers consisting of hundreds, to hundreds

of thousands, of processors working in concert, have
enabled the study of complex phenomena in fluids and
solids by the direct atom-by-atom (“molecular dynam-
ics” (MD)) modeling of systems containing millions to bil-
lions of atoms. Secondly, “accelerated MD” algorithms,
developed at Los Alamos over the past decade, are
enabling the modeling of thermally activated, rare event
processes that take place on timescales of seconds or
longer, far beyond the nanoseconds (billionths of a sec-

ond) that traditional MD simulations have been able to
reach (Figure 1). However, such accelerated simulations
have thus far been limited to several hundred to a few
thousand atoms at most. This project has developed
and demonstrated accurate techniques for combining
the power of both accelerated and large-scale MD meth-
ods, enabling for the first time atomistic simulations with
both large size and long time scales, that will in certain
cases directly overlap those of ultrafast, high-resolution
experimental measurements. We have pursued two
distinct approaches for achieving this integration, while
studying two specific materials science problems: (1)

the nucleation, growth, and coalescence of voids under
tension, which can lead to “spall” failure of ductile met-
als following shock impact; and (2) the interaction of a
dislocation pileup forced against a grain boundary (GB),
a fundamental process which often determines the
strength of materials. These two phenomena are repre-
sentative of a large class of problems that have until now
been tantalizingly just out-of-reach of current simulation
techniques: requiring timescales of microseconds to
milliseconds that have eluded direct MD, and sample di-
mensions as large as a micrometer that accelerated MD
techniques have not been able to reach.
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Figure 1. Spatio-temporal scales directly accessible by
molecular dynamics simulations on current (petascale)
leadership-class supercomputers and projections for future
(~2020) exascale-class supercomputers. Due to the in-
creasingly communication-bound nature of massively par-
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allel applications, brute computer performance alone is not
enough to model processes occurring on timescales of micro-
seconds, milliseconds, or longer - the invention of intelligent
algorithms are required, which is the focus of this project.

Scientific Approach and Accomplishments

In this final report, we will focus on five key technical ac-
complishments, starting with the algorithm development
and moving on to the chosen materials science problems.
Acting on advice from our external review committee mid-
way through this three-year project, we also added a small
effort to study body centered cubic (bcc) metals, in par-
ticular tantalum, due to important differences between bcc
metals and face centered cubic (fcc) ones such as copper
and aluminum. We will conclude with this as our fifth key
technical accomplishment.

Local-bias hyperdynamics: algorithm development and
implementation

The goal of this effort was to develop a rigorous local
formulation of hyperdynamics that can give good boost
(computational acceleration)on arbitrarily large systems.
The key concept of hyperdynamics is to modify the po-
tential energy surface by adding a “bias potential” which
causes a trajectory to make state-to-state transitions more
frequently, but with correct relative escape probabilities.
To do this requires that the bias potential must vanish at all
dividing surfaces between such state-to-state transitions;
however as the system is made very large, there is a transi-
tion or near-transition somewhere in the system virtually
all the time, so the bias potential is nearly always shut
down. As a consequence, previous hyperdynamics simula-
tions have been limited to systems containing a few hun-
dred to a few thousand atoms, at most. In the local bond-
boost hyperdynamics method which we have developed,
we replace the concept of a global bias potential with a
bond-based bias, and rather than apply a bias force to the
bond with the lowest bias energy in the entire system (as
done in previous bond-based hyperdynamics approaches),
only apply the bias force to the bond with the lowest bias
energy in its local domain (Figure 2). Unlike global hyper-
dynamics, the overlapping domains mean that more than
one bond might have a force within a domain, but we can
show that these appear in a way that gives self-cancelling
errors in a time average. We have implemented this local-
bias hyperdynamics method in the large-scale SPaSM code,
demonstrated that correct state-to-state rates are ob-
tained, and in a 24-hour simulation run on 256 processors,
modeled the evolution of a 10 million atom copper sample
with 200 vacancies (missing Cu lattice atoms) for 10 micro-
seconds, a boost factor of 20,000. As seen in Figure 1, this
combination of time and length scales is far beyond what
is accessible by direct MD, demonstrating the potential

of our approach. The next step remains to apply it not to
such simplified model systems, but to real-world problems
where additional complications may (and in general, do)
arise.
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Figure 2. Schematic of the local bond-boost hyperdynamics
approach. Each bond has its own instantaneous boost factor
that is based upon the bond with the lower bond-based bias
energy in its domain, i.e. a true hyperdynamics in that do-
main. Unlike global hyperdynamics, the overlapping domains
mean that more than one bond might have a force within a
domain, but these lead to self-cancelling errors over time.

Dislocation pileup — grain boundary interactions

We have focused on a “typical” asymmetric GB in alu-
minum, applying dislocation pileup theory to introduce
the leading few (3-5) dislocations which are atomistically
represented, and the elastic strain field due to the remain-
ing, more distant, dislocations in the pileup. An alternate
method in which dislocations are introduced one at a time,
allowing the system to relax at each step, has also been de-
veloped and will enable us to study scenarios in which the
loading is gradually increased at a constant strain rate. The
configuration created by either technique is then imported
into SPaSM, which applies the appropriate shear boundary
conditions as implemented on both the Roadrunner and
conventional code versions. We have studied a variety of
GBs, using conventional MD simulations at high-applied
stresses so that dislocation absorption, reflection, and/or
transmission occur at the ps-to-ns timescales accessible
without acceleration. As shown in Figure 3, this has given
insight into the processes that may occur. We have also
carved out a small active site near the GB, both before and
after introducing the dislocation pileup, to accelerate using
ParRep. One of our main concerns was that a GB could rap-
idly hop between a very large number of detailed atomistic
configurations and limit the potential boost (acceleration).
In some cases, this fear was realized; while in others, even
after introducing the dislocation pileup (and more disor-
der) near the GB, only a few dozen distinguishable states
have been found. However, this still requires advanced
“superbasin” techniques, in which these few dozen states
are recognized and only transitions to new states are accel-
erated. Such developments are underway as part of a re-
lated DOE Basic Energy Sciences project in accelerated MD
algorithm development, and the dislocation pileup-grain
boundary studies carried out under this program provide
an early target application.
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Figure 3. Detailed mechanisms leading to the transmission
of a dislocation pileup across a general grain boundary. (a)
The leading 1-2 dislocations in a pileup react with the grain
boundary and cause shear and local rearrangements. (b)

A three-fold dislocation structure is formed, which leads

to (c) the nucleation of multiple partial dislocations in the
transmitted grain. (d,e) Partial dislocation loops grow and
coalesce, before (f) eventually detaching from the grain
boundary and completing the transmission process.

Void nucleation: ultimate strength of materials

During the first year of this project, we utilized separate
large scale and accelerated MD studies to probe different
aspects of the spall failure of materials (specifically cop-
per) under shock loading and release. This work, which
included several production simulations on Roadrunner
during its “Open Science” period, has provided insight
about how voids nucleate (primarily at dislocation inter-
sections or GBs), grow (once they reach a critical void size),
and coalesce. Of particular note, we have demonstrated a
competition between heterogeneous nucleation of voids
at GBs, which leads to spall failure along such boundaries
at slower strain rates, and the homogeneous void nucle-
ation inside crystalline grains at higher strain rates. This
latter process has also been studied by accelerated MD
simulations (temperature accelerated dynamics, or TAD),
in order to determine the time to failure and failure mode
of a defect-free macroscopic region of crystal at a given
temperature and applied strain. While mechanisms of
homogeneous nucleation had been postulated but never
rigorously validated, our work revealed the basic unit pro-
cesses, which produce Frenkel pairs (a lattice atom moving
into an interstitital position, leaving behind a vacancy), dis-
location loops, or other defects under an applied stress or

strain. In the case of uniaxial stress/strain, our results sug-
gest that the dislocation mode dominates at high strains
(>9%), while the Frenkel pair formation mechanism domi-
nates at lower strains. We have discovered a remarkable
property of such simulations due to their high degree of
symmetry that enables us to make conclusions about the
spontaneous defect formation timescales in macroscopic
samples. However, we have also found that the dislocation
loop nucleation rate is strongly anharmonic, due to the
strong dependence of vibrational properties on the strain
state. As a consequence, the TAD method (which relies on
harmonic transition state theory assumptions) requires
generalization before it can be further applied to this prob-
lem.

Void growth dynamics: system embedding

Direct MD and ParRep accelerated molecular dynam-

ics simulations have been used to study the growth of a
pre-existing void in copper at tensile strain rates between
1075/s (matching typical shock experiments on microsec-
ond timescales, which would have been impossible with
direct MD) and 10”*11/s. For a microscopic 13-atom void,
we find that the critical tensile stress (“spall strength”)
required for the void to grow and induce material failure

is fairly independent, around 15 GPa, in contrast with
experiments which exhibit a spall strength that increases
with strain rate. The reason for this is found in a “strain
rate paradox”: once the void begins to grow by emitting
dislocation loops, it grows very rapidly with an effective
local strain rate that is ~10”11/s regardless of the applied
bulk strain rate. This indicates that the size distribution of
pre-existing voids plays a strong role in a material’s spall
strength: tiny voids such as this require an enormous criti-
cal stress to be applied before triggering this explosive void
growth, while larger voids have smaller critical stresses,
and thus smaller local strain rates once plastic deformation
begins. To study the later stages of this explosive growth
process, as well as the coalescence of neighboring voids,
which leads to material failure, we have developed an
embedding scheme. Initially the ParRep accelerated MD
algorithm is used, with a number of processors each mod-
eling independent replicas of a small (~10 thousand atom
crystal with a 13-atom void) being slowly strained until one
of the replicas exhibits a state-to-state transition (disloca-
tion emission in this case). As previously mentioned, this
allows us to model tensile strain rates down to 1075/s,

a regime heretofore inaccessible by MD. As soon as this
transition occurs, we embed the small system in a larger
(~10 to 100 million atom) lattice, which has been thermally
equilibrated and matched. As shown in Figure 4, this allows
us to study the subsequent dislocation emission and inter-
action processes, which allow the void to grow by plastic
deformation, without artificially constraining the size scale.
This hybrid scheme utilizes a parallel computer (or emerg-
ing many-core processor) in a natural way, with each core
initially exploring escape pathways in a small system inde-
pendently to accelerate time, and then all cores working
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concurrently to model the subsequent evolution of a larger
spatial domain of the sample.

13.5 M atoms

Figure 4. Demonstration of the hybrid accelerated/large-
scale molecular dynamics embedding scheme developed
under this project. A pre-existing void (13-atom vacancy)
in a copper sample is slowly strained at experimental strain
rates using parallel replica dynamics until dislocation emis-
sion is induced (upper left). At this time the ~13 thousand
atom sample is embedded into a ~13 million atom large-
scale MD simulation, allowing the explosive growth of the
void to proceed by the proliferation of dislocation loops
(lower snapshots at 5, 10, 15, and 20 ps).

Toward bcc metals: Ta potential development and
applications

Finally, at the suggestion of our mid-project review panel
we dedicated a small effort towards modeling bcc metals,
which in general have a stronger rate dependence than fcc
metals due to differences in how dislocations move within
the crystal. However, for the extreme strains and strain
rates of interest for spall failure, we quickly discovered
that most existing interatomic potentials were inadequate
for modeling, either with fundamental flaws in their phys-
ics, or impractical computational costs for this exploratory
research phase. For instance, for tantalum (a material
chosen for its interest in the NNSA community, with ac-
tive experimental programs studying its spall behavior) all
of the existing embedded atom method (EAM) potentials
predicted a phase transformation from the bcc structure
to a hexagonal close packed (hcp) one under compression,
at pressures of 35-85 GPa. Since (a) no such transition has
been experimentally observed, and (b) this is exactly the
pressure range at which deformation slip and twinning is
activated, we needed to develop a new interatomic poten-
tial before proceeding. The potential that we have devel-
oped (and which has been eagerly greeted by the external
research community) predicts a stable bcc structure up to
nearly 500 GPa (5 Mbar), in accord with experiments and
high-quality theory. We fit to experimental and density
function theory (DFT) data for compressing up to 50% (500

GPa), including activation energies for various deformation
pathways, and demonstrated that the resulting potential
accurately reproduces experimental shock Hugoniot mea-
surements, as well as reveal the microscopic competition
between slip and twinning processes in single crystals
shocked in various crystal directions, as well as nanocrys-
talline samples with varying grain sizes.

Impact on National Missions

Atomistic-scale simulations are playing an increasing role
in fundamental and applied materials science. Los Alamos
has two distinct internationally recognized capabilities in
this area: large-scale molecular dynamics (MD) simula-
tions, specifically the SPaSM (Scalable Parallel Short-range
Molecular dynamics) code supported primarily by the
weapons program (ASC), and accelerated molecular dy-
namics algorithm development and implementation under
the auspices of LDRD and Basic Energy Sciences (BES). This
project has developed and demonstrated the coupling of
these two capabilities to address heretofore-inaccessible
problems in materials science. The resulting transforma-
tional capability is expected to have immediate benefits

to DOE missions in the Office of Science and Nuclear
Weapons (NNSA Advanced Simulation and Computing)
programs, by providing new computational tools and en-
hancing our understanding of the fundamental dynamics
of materials, in particular under extreme loading condi-
tions that are difficult to probe experimentally. The meth-
ods demonstrated here should have applications beyond
these initial materials science issues that we will focus

on, for instance in studying the resistance of materials to
other extreme conditions including radiation and corrosive
environments; similarly, the materials science questions
addressed here have impacts in nuclear and non-nuclear
energy (e.g. turbine blade design), DOD programs (e.g. ar-
mor/anti-armor), and beyond. The unique capability that
we are developing may be used to investigate fundamental
materials science questions that have eluded direct study
for a half-century or longer. Through this effort, we will
help maintain America’s leadership role in advanced high-
performance computing, materials science, and nanotech-
nology, directly addressing needs cited in the June 2011
Materials Genome Initiative for Global Competitiveness
which was issued by the White House Office of Science and
Technology Policy (OSTP).
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Abstract

Our work focuses on the concept that interfaces in ma-
terials can act as “super sinks” for point defects in an ir-
radiation environment, which if full understood allows to
develop highly radiation tolerant nanocomposite materi-
als. The main emphasis of this work has been to explore
how defects associated with energetic He injection are
influenced by interface structure. We have shown that
such interfaces stabilize material microstructure and
efficiently heal radiation damage by attracting, absorb-
ing, and catalyzing the annihilation of radiation-induced
point defects. Our objectives in this work have been:

1) develop a generalized description, applicable to any
interface in any material, of the properties that make an
interface a “super sink” for radiation-induced defects; 2)
explore the irradiation stability of nano-composites over
a broad spectrum of extreme environments (high irradia-
tion dose, long time, high temperature, and corrosion

to simulate real reactor environments conditions); and
3) explore the effect of irradiation (particularly at high
doses) on mechanical properties such as strength and
ductility. Our approach integrates theory, modeling, and
experiments to formulate, validate, and test the limits
of strategies for enhancing radiation damage resistance
of materials by maximizing their content of super sink
interfaces.

Background and Research Objectives

The design of future nuclear power reactors, includ-

ing advanced fuel cycles, Gen IV and fusion reactors
places high demands on reactor cladding and structural
materials. These extreme operating conditions include
extremely high irradiation doses, and higher operat-
ing temperatures with minimal change in mechanical
properties. At present, the best-engineered materials
for high dose nuclear applications reach their structural
limit at relatively low irradiation dose. Their elevated
temperature mechanical integrity at even lower irradia-
tion doses. Thus, the transformative research in materi-
als development is required to meet the needs of future
nuclear reactors.

The reason why materials fail under irradiation can be

traced at the most fundamental level to the accumula-
tion of the defects produced during the irradiation pro-
cess. Left unbridled such processes lead to swelling, and
chemical changes that compromise the material’s me-
chanical and corrosion resistant properties. Therefore,
the principal challenge in the development of materials
with radically extended performance limits in extreme
radiation environments is to increase the recovery effi-
ciency of radiation-induced defects.

Our first objective is to develop a generalized descrip-
tion, applicable to any interface in any material, of the
properties that make an interface a “super sink” for
radiation-induced defects.

Our second objective is to explore the irradiation stability
of nano-composites over a broad spectrum of extreme
conditions. By extreme, we mean a combination of high
irradiation dose, long time, high temperature, and cor-
rosion to simulate real reactor environments. This objec-
tive will explore the ultimate failure limits of nanocom-
posites under nuclear reactor environments.

Our third objective is to explore the effect of irradiation
(particularly at high doses) on mechanical properties
such as strength and ductility. This addresses the issue of
retention of the unusually high strengths and ductility of
nanocomposites after irradiation.

We propose to enhance the radiation resistance of ma-
terials by manipulating their properties at the nanoscale
to directly affect the evolution of damage cascades. Our
approach in addressing this problem will be to develop
materials that will contain special internal features, i.e.,
interfaces, that can be designed at the atomic-scale to
attract, absorb and annihilate radiation-induced defects,
thereby allowing design of nanostructured materials

for radiation damage tolerance. This builds on previ-
ous scientific breakthroughs at LANL that presented a
new paradigm in designing materials with the specific
property of radiation damage tolerance. The central idea
of this proposal is atomic-scale design of stable internal
interfaces that impart radiation tolerance to materials by
attracting, absorbing, and annihilating point defects.
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Scientific Approach and Accomplishments
Our purpose is to enhance the radiation resistance of ma-
terials by manipulating their properties at the nanoscale
to directly affect the evolution of damage cascades. Our
approach will be to develop materials that will contain
special internal features, i.e., interfaces, that can be de-
signed at the atomic-scale to attract, absorb and annihi-
late radiation-induced defects, thereby allowing design of
nanostructured materials for radiation damage tolerance.
This builds on past scientific breakthroughs at LANL that
presents a new paradigm in designing materials with the
specific property of radiation damage tolerance.

As part of this work we have examined three different as-
pects of defect-boundary interactions, using Cu as a model
system: 1) thermodynamics of defects interacting with
boundaries, 2) kinetics of vacancies near boundaries, and
3) the incorporation of He at boundaries. We examined the
role that grain boundaries play in radiation. We focused on
two timescales: ps, over which defects are created, and the
longer timescales over which those defects evolve. Dur-
ing the damage production stage, boundaries absorb large
numbers of interstitials and vacancy-interstitial recombina-
tion is suppressed. This implies that when thermally acti-
vated processes are not possible, nanocrystalline materials
are less tolerant than polycrystalline materials. However,
on long timescales, interstitials absorbed at the boundary
can be reemitted to annihilate with vacancies in the bulk.
This interstitial emission mechanism (Figure 1.) occurs with
relatively small barriers, leading to enhanced radiation
tolerance at temperatures where vacancies are essentially
immobile. This work was published in Science 327, 1631
(2010).
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Figure 1. Schematic showing the evolution of a nanocrys-
talline material under irradiation. An energetic particle hits
an atom, creating interstitials (green circle) and vacancies
(red square), which are absorbed unequally by the bound-
ary. Via interstitial emission and enhanced vacancy diffu-
sion, the material recovers.

We also used modeling to examine how He is incorpo-
rated into grain boundaries in Cu. Here, we focused solely
on twist boundaries with small twist angles, between 3

and 8 degrees. The structure of these boundaries is char-
acterized by a set of screw dislocations at the boundary
plane that criss-cross, creating dislocation intersections,

or nodes, in the network. We found that He atoms feel a
strong attraction to the nodes. This correlates with experi-
mental studies of He implantation near twist boundaries in
Au, which observed preferential He bubble nucleation at
the intersections of the screw dislocation network.

Finally, we examined how the screw dislocation network
changes as a function of angle, from perfect screw dislo-
cations (large angles) to split partial dislocations (small
angles). Vacancies in the higher angled twist boundaries
strongly prefer the dislocation intersections. However, in
the smaller angled boundaries, while the nodes are still
preferred, this preference is only slightly more than at
other places within the dislocation structure. For 5 degree
twist boundaries, where there is a crossover in the disloca-
tion structure, the corresponding atomic structures of the
nodes become very complex. Not all nodes are equivalent,
and some interact only very weakly with vacancies. This
suggests that the He bubble network that forms in would
depend on the twist angle.

Our work has shown that interfaces can be used to “man-
age” implanted He. Therefore, it is crucial to understand
the impact that trapped He nano-bubbles may have on
strength and deformability. We used nanoscale metallic
multilayers as model systems for this aspect of our work
since the interface atomic structure and the interface spac-
ing may be independently varied, via choice of constituent
layers and deposition parameters, respectively.

Using ion implantation, a uniform distribution of He
bubbles approximately 2 nm in diameter, see Figure 2, and
was produced over 1 micrometer depth in multilayered
films. Nanoindentation was used to measure hardness and
stress-strain curves via compression of focused ion beam
milled micro-pillar specimens. Significant findings are sum-
marized below:

e Asthe interface spacing was reduced, the hardening
due to bubbles decreased significantly, and was negli-
gible when the interface spacing was on the order of
or less than the average bubbles spacing. Both inter-
face boundaries and helium bubbles are obstacles to
dislocation motion and cause hardening. At relatively
large (tens to hundreds of nanometers) interface spac-
ing, the bubble hardening is additive to interface hard-
ening. But when interfaces are more closely spaced
than the bubbles, there is insignificant bubble harden-
ing relative to interface spacing.

e At layer thickness of a few nanometers, the critical unit
mechanism that determines the strength of a multilay-
er is the stress needed to transmit a single dislocation
across interfaces. In the helium-implanted samples,
helium nano-bubbles preferentially nucleate at the
misfit dislocation intersections forming a two-dimen-
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sional bubble lattice at the interface. Atomistic mod-
eling showed that the equation-of-state (and hence,
pressure) of He bubbles at interfaces is different from
that in the bulk. Thus, the nano-bubbles at interfaces
may interact more weakly with glide dislocations than
those in the bulk.

This work has shown that specific interfaces that have

a high number density of misfit dislocation intersection
points can be used to trap a high concentration of helium
in the form of stable nano-meter scale bubbles that inter-
act weakly with glide dislocations and do not cause hard-
ening (and embrittlement) as in bulk materials without
interfaces.

Figure 2. Under-focused bright field transmission electron
microscopy (TEM) image of helium implanted 5 nm Cu -5
nm Nb multilayers. Helium nano-bubbles are visible as
white dots decorating the interfaces.

As part of this project we studied He bubble formation

in bulk and at interfaces formed by dislocation networks
(pure twist boundaries) in pure fcc and bcc metals and in
several alloys. We aimed at interpreting experimental re-
sults available for the He-Au system, and to contribute to
the computational study of He at interfaces in.

Our study of He bubbles had two avenues, one was the
thermodynamics of heterogeneous He precipitation, which
focuses on the determination of preferential location for
He bubbles on a given microstructure, and the form He
bubbles adopt. Simulations are done with a parallel Me-
tropolis Monte Carlo code under the assumption of He/
vacancy ratio equal to 1, a sensible assumption for He
implantation occurring simultaneously with some dpa
damage. For fcc metals, it has been shown experimentally
within this LDRD project that pure twist Au grain boundar-
ies, formed by a square array of screw dislocations, show
dislocation intersection as preferential sites for He precipi-
tation. Our simulations are done for an equivalent fcc ma-

terial, Cu, which fully confirm this result, Figure 3. More-
over, simulations show the decomposition of initial perfect
screw dislocation into partials that leave the (100) plane of
the interface creating a constriction between the nodes.
This new result was confirmed by dislocation dynamics en-
ergy calculations.

(@ (b) (©)

Figure 3. (a) atomic scale view of a slice containing the
grain boundary plane showing the network of initially per-
fect1//<110>, b // <110> dislocations, with | the disloca-
tion segment and b the Burger vector. (b) These dislocations
decompose into partials with I//<110>, b1 // <-1-1 2>, and
b2 // <-12-1>. These two partials are contained in (111)
planes instead of the original (100) plane. (c) He (red at-
oms) shows precipitation at the nodes of the network.

The second avenue was the study of bubble growth via the
incorporation of He into an existing bubble and monitor-
ing the mechanisms by which these bubbles grow. In bulk
we observed that the mechanism is the emission of <111>
dislocation loops with diameter equal to the bubble size. In
interface dislocations this mechanism is more complex.

Both these avenues gave us the elements to construct an
equation of state for He bubbles in bulk and another for
bubbles at interfaces. We observed that bubbles at inter-
faces have less pressure that those in bulk, and that this
pressure depends on the nature of the interface.

We additionally studied the influence of the interface be-
tween a nanoscale precipitate and a matrix for the cases
when these precipitates have different crystalline structure
than the matrix. We observed that regardless of the ther-
modynamic driving force to direct He towards the metal
with less solution energy, He prefers always the incoherent
interface, due to the existence of sites with larger volume

In addition, this project enabled us to perform the first ever
guantitative measurements of critical He concentrations
necessary to nucleate bubbles observable in transmission
electron microscopy at heterophase interfaces. These stud-
ies, first conducted on Cu-Nb interfaces, were subsequently
also done on Cu-V and Cu-Mo interfaces and have provided
a clear criterion for predicting heterophase interface resis-
tance to He bubble formation: misfit dislocation intersec-
tions at interfaces are trapping sites for He. Thus, the more
such intersections an interface has, the more resistant it is
to implanted He. Conversely, if an interface has few or no
misfit dislocation intersections, its response to implanted
He is indistinguishable from that of a perfect single crystal.
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To understand these phenomena in greater detail, we un-
dertook to study interface interactions with He in greater
detail. Using density functional theory calculations, we con-
structed a predictive Cu-Nb-He potential. With this poten-
tial, we quantified He binding energies at Cu-Nb interface
(Figure 4) and confirmed the critical role of misfit disloca-
tion intersections in He trapping. This potential also opened
the door for us to undertake detailed studies of He cluster
and bubble growth as well as the effect of He on interface
mechanical properties.

" .
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Figure 4. Formation energies of He interstitials (left) and
substitutionals (right) at a Cu-Nb interface. The interface is
a sink for He arriving from both of the neighboring crystal-
line layers.

Impact on National Missions

This work supports the mission of the DOE Office of Sci-
ence, explicitly the BES-stated Basic Research Needs for
Advanced Nuclear Energy Systems, included a priority
research direction on Nanoscale Design of Materials and
Interfaces that Radically Extend Performance Limits in Ex-
treme Radiation Environments.
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Abstract

The Seaborg Institute Postdoctoral and Student Fellows
enhances LANL's capabilities in advanced actinide chem-
istry, actinide materials science, and actinide theory.
Knowledge of actinide science continues to be essential
to the U.S. and central to the mission of the NNSA, in-
cluding national defense, energy security, nuclear non-
proliferation, environmental restoration, and radioactive
waste management. Seaborg Institute Postdoctoral and
Student Fellows are supported to perform experimental,
theoretical, or modeling research that underlies missions
in stockpile stewardship, nuclear energy and safeguards,
nonproliferation and forensics, environmental restora-
tion and transport, biological interactions, and radioac-
tive waste management. These areas are strategic for
the Laboratory and include supporting the LANL “pluto-
nium center of excellence” and the Plutonium Science
and Research Strategy.

Postdoctoral Fellows are funded primarily halftime, must
be approved by LANL Postdoctoral program, and must
choose a project that connects directly with actinide sci-
ence. Student Fellows are funded primarily full-time for
10-12 weeks during the summer. The program is admin-
istered by the G. T. Seaborg Institute for Transactinium
Science. A brief description of each funded postdoctoral
Fellow’s research topic is provided in the technical de-
scription of the project and is amended as postdocs ar-
rive and exit the program.

Background and Research Objectives

The tasks in this LDRD project were dedicated to ad-
dressing important gaps in our current level of under-
standing of actinides, promoting a creative and expert
core actinide workforce, and to scientific excellence

in the many important scientific problems in the field.
LDRD resources were used to build capabilities, address
outstanding scientific problems, advance new scientific
concepts via initial support to seed research elements
of feasibility studies, and cutting-edge scientific research
that addresses critical scientific questions.

Scientific Approach and Accomplishments
Because of the breadth of the science supported by this
project, there is only room in this report to touch briefly
on selected topics. In all cases, peer-reviewed publica-
tions can be accessed to understand the work in depth.
The work supported by this project has produced impor-
tant advances including the first complete set of elastic
moduli at high precision of alpha, beta, and gamma plu-
tonium over their entire range of stability that is crucial
for all dynamic testing and is now being used to analyze
programmatic studies of plutonium; ground-breaking
work in the production of important uranium-nitride
complexes; studies of grain boundaries and heat trans-
port in nuclear fuels; actinide catalysts for cleaning dirty
fossil energy feedstocks; fundamental discoveries in
f-electron physics, chemistry, and materials science and
more.

Theoretical Modeling of Nanoscale Heterogeneity in
Actinide Alloys and Oxides

Uranium dioxide, UO,, is the major constituent of
nuclear fuels. In this task we explored the physics and
chemistry of hyperstoichiometric uranium, neptunium
and plutonium dioxides that are derived from the parent
fluorite lattice, i.e. AnO,_ and An,O, (An=U, Np and Pu).
Using density functional theory (DFT) techniques, we
identified the underlying physics that governs trends in
oxidation thermodynamics along the actinide series and
recognized the crucial role of hydrogen in forming hyper-
stoichiometric compounds of PuO,.

Photoemission Spectroscopy (PES) of Actinides

Using PES measurement techniques, we have obtained
information on the electronic structures of a number of
actinide materials including USb_, UGe,, UPd,, [1] UC,
and delta plutonium. UC, is of particular interest as a po-
tential next generation fuel for nuclear energy, and our
PES measurements suggest UC, is metallic, important for
heat transport in nuclear reactor fuel.
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QSGW Electronic Structure of Neptunium

A critical problem in actinide physics is to understand

the effect of electron-electron correlation effects. Two
methods, first-principles electronic band-structure or local-
density-functional (LDA) methods have been applied in the
weakly correlated limit and dynamical mean-field theory
(DMFT) methods have been employed in the strongly cor-
related limit. The key goal of this task was to reconcile
these methodologies using quasi-particle GW (QSGW)
theory [2] for delta-plutonium. We found that that the sin-
gle-particle band structure obtained differs from the LDA in
two significant ways: (1) The 5f electron energy dispersion
is flatter and (2) the crystal field splitting between 5f states
is significantly smaller. We have now done similar calcu-
lations on Np. [3]. We have discovered that our current
code, and in fact no other available GW code, adequately
and correctly treats the spin-orbit interaction. Our revised
code, in progress, will represent a substantial and impor-
tant scientific advance.

Development of a two-dimensional system for mapping
gamma-emitting radionuclides in support of forensic
examination

In conducting a nuclear forensic examination of a sealed
container, an external gamma spectrometer is used. To
provide more information about the identity and location
of the gamma-emitting nuclides within a sealed container,
a two-dimensional gamma mapping system was built us-
ing high-atomic-number shielding, a two-dimensional lin-
ear stage, and a high-purity germanium (HPGe) detector.
Programming and the testing of the system with standard
sealed radioactive sources are in progress.

Spectroscopic Analysis of Actinyl Systems

Previous studies on actinyl heteropolyoxotungstates
(POMs) have shown that tri-lacunary POMs readily coor-
dinate to the actinyls (An"'022+ and An¥0,*, An=U, Np, Py,
Am) forming a range of structurally diverse complexes.
These systems have relevance in environmental remedia-
tion, nuclear waste management and nuclear fuel separa-
tion technologies. The goal of this research was to increase
our understanding of the electronic structure and bonding
properties of the actinyls through polyoxometalate co-
ordination. One of many results from single crystal X-ray
structural analysis revealed a complex with two full and one
partial occupancy [UO,]** cations sandwiched between two
[A-a-GeW,0,,]'* anions.

Another task used synchrotron techniques to develop an
in-situ hydrogenation capability that combined synchrotron
EXAFS and XRD. The in situ-hydrogenation capability was
successfully developed and tested on the palladium—hy-
drogen system. Our effort to understand the chemical pro-
cesses associated with the corrosion of plutonium and plu-
tonium metal alloys containing ~1.8 atomic % Ga indicated
this process was more complex than previously considered.

Proliferation-resistant separation technologies

A significant challenge for creating proliferation-resistant
separation technologies for spent nuclear fuel is develop-
ing methods to efficiently partition trivalent actinides from
lanthanide ions. This task has focused on elucidating favor-
able electronic structure-function relationships in dithio-
phosphinates using sulfur K-edge X-ray absorption spec-
troscopy (XAS) to identify electronic properties that may
account for the high selectivity for extraction of actinides
over lanthanides observed using HS,P(o-CF.CH,), and re-
lated compounds. This work resulted in the synthesis and
characterization of 15 previously unreported compounds.

Elastic moduli of alpha, beta, gamma and gallium-
stabilized delta plutonium

Accurate elastic moduli in all the phases of plutonium are
of central importance in assessing both applications for
and theory of Pu. The resonant ultrasound spectroscopy
measurements performed for this complete the set of the
temperature dependence of elastic moduli of polycrystal-
line pure Pu from 18 K to 616 K, and alloyed delta phase
from 9 K to 496 K (Figure 1) [4,5,6]. In addition, we have
shown that where pure and Ga stabilized delta co-exist,
they are nearly identical elastically, an important calibra-
tion datum for theory and modeling.
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Figure 1. Temperature dependence of the bulk and shear
moduli for pure plutonium and 2.36% gallium stabilized
delta plutonium.
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Peroxide Enhanced Partitioning of Spent Nuclear Fuel in
Alkaline Solutions

A separations approach based on the different speciation
and solubilities of U, fission products (FPs) and actinides in
oxidative alkaline solutions would provide a revolutionary
alternative to the PUREX-type processes. Our approach
processes spent nuclear fuel (SNF) in alkaline media utiliz-
ing peroxide (H,0,) to enhance the dissolution of the ura-
nium oxide matrix of spent nuclear fuel (SNF) and provide
novel routes for selectively partitioning the actinides and
FPs. Results include the determination of several important
aspects of the chemistry.

Synthetic Routes to Pentavalent Uranium Organometallic
Complexes

Alkyl-, alkenyl-, aryl-, alkynyl-gold(l) complexes are easily
derivatized, and are safe to handle. We showed that phos-
phane-gold(l) complexes are excellent reagents for the oxi-
dative functionalization of uranium, demonstrating a new
class of reaction for gold. Heavy chalcogen (Se/Te) soft do-
nor ligands have traditionally been exploited to investigate
trivalent actinide/lanthanide separation technologies and
to address questions regarding covalency in hard-soft in-
teractions. Indeed, oxidation of (C,Me,),U(=N-2,6-Pr -C H.)
(THF) with PhE-EPh yields corresponding UY-chalcogenate
complexes). This work resulted in an invited review on the
synthesis and characterization of pentavalent uranium
complexes.

Transformation pathways and energetics in multiphase
materials: Pu as a prototype

The mechanism for phase transformation between the
fcc delta phase and the monoclinic phase of plutonium is
an outstanding problem. This task searched for the sub-
groups that are common to both fcc and monoclinic sym-
metry and their energies using density functional theory
(DFT) and (LDA) and modified embedded atom methods
(MEAM). The effects of defects on mechanical, electrical
and magnetic properties were explored via Landau theory
that incorporates Kréner’s continuum theory of disloca-
tions. We found that the inability of MEAM to capture
simultaneously the internal degrees of freedom in a low-
symmetry a phase and its energetics makes the current
parametrization of this potential unsuitable for our further
studies.

Synthesis and Characterization of Novel Uranium IV, V,
and VI Imido Complexes

Imido complexes of the actinide elements continue to gen-
erate great interest. Our niche has been the exploration

of uranium imido chemistry. We discovered a conpropor-
tionation reaction between a bis-imido uranium (V) dimer,
[U(N*Bu),I(*Bu,bipy)],, and UL (THF),.

Spectroscopic tests of actinide theories

Cutting-edge spectroscopic techniques were employed to
address limitations in theories of actinide (An) electronic
structure. Preliminary findings suggest that trends in co-
valency are more complex than often assumed (three
complete manuscripts and several more that are in prepa-
ration).

Theoretical modeling of fission product behavior in oxide
nuclear fuels

Fission products that are formed during the burning of the
nuclear fuel strongly influence the in-core performance
and the long-term storage of the fuel. Understanding these
interactions would lead to the development of advanced
fuel forms. This work has focused on the two critical com-
ponents that affect fuel performance — microstructure (Fig-
ure 2) and composition —and how fission products interact
with them. We have discovered that electrostatic dipoles
can be created. These results may lead to new possibilities
for engineering nanostructured ceramics.

Figure 2. Structure of the S5 tilt boundary in UO2: (a) ideal-
ized (b) g-surface plot and (c) translated and relaxed. The
relaxed structure exhibits an electric field strong enough to
influence thermal and mass transport properties.

U and Th complexes as catalysts for hydrodenitrogenation
and hydrodesulfurization

Homogenous U and Th complexes can be used as catalysts
for hydrodenitrogenation (HDN) and hydrodesulfurization
(HDS), which entail removal of nitrogen and sulfur impuri-
ties, respectively, from crude oil contaminants. Computa-
tional methods were used to find U complexes more reac-
tive than Th as HDN/HDS catalysts and that a Th complex
catalyzes a novel thiophene ring opening/dimerization
reaction. We have computed a mechanism for this reaction
and are currently studying the electronic structure of the
product.

Mechanisms and applications of natural 238U /%5U
fractionation

238 /235U ratios vary by ~1.5%. (deviations per 1000) across
near-surface (low temperature) environments. Theory
suggests that this is a result of differences in the ability

of individual uranium nuclei to undergo reduction. The
difficulty reproducing this fractionation in the laboratory
necessitates examination of modern variability in natural
settings to resolve fractionation mechanisms. Water sam-
ples strongly support the assertion that this fractionation is
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controlled by redox conditions.
Bis(imido) Uranium(V)/(VI) Complexes

This effort is focused on exploring reactivity, structure,
and bonding to develop a more complete understanding
of high oxidation state actinide science. We found strik-
ing differences in reactivity in [U(NR),]** complexes. For
uranium(VI1) chalcogenate chemistry (chalcogenate = O, S,
Se, Te donors), we found that the coordination of “soft”
donor ligands such as thiolates, selenolates, and telluro-
lates can be achieved with the [U(NR),]** ion. Our studies
extended to organoactinide complexes and their catalytic
potential. We also found that the a dimeric uranium(V)
bis(imido) complex could be synthesized by the addition of
2 equiv of Na(C,Me,) to U(N'Bu),(1),(bpy™) (bpy™ = 4,4’-di-
tert-butyl-2,2’-bipyridyl) [7]. This discovery represents an
important finding that demonstrates f-electron communi-
cation between actinide metal centers.

Modeling uranium hydriding

To improve the modeling of uranium-hydrogen interac-
tions a new interatomic potential has been developed to
accurately capture the properties of uranium and uranium-
hydrogen interactions. Five manuscripts have been pre-
pared and published on these and related topics, as well as
four talks, including an invited presentation at the Gordon
Research Conference in Aqueous Corrosion.

Growth and measurements of new intermetallic
compounds

This task succeeded in growing many novel samples. De-
tails for each compound have been published. Ultimately,
we examined several new structures to better understand
structure/property relationships. The discovery of new
intermetallic compounds required techniques and capa-
bilities developments as well including a unique capability
for the purification of these large single crystals through
electro-refinement.

Neutral and tricationic lanthanide complexes

We prepared several neutral and tricationic lanthanide
complexes, which have been characterized using a suite

of spectroscopic techniques. The successful application of
these new ligand frameworks to lanthanide coordination
chemistry has resulted in exploration of the ability of these
complexes to catalyze organic transformations.

Geometrical Hall effect in UCu5 and current results for
UAuPt,

Geometric magnetic frustration occurs when localized
magnetic moments (spins) can not satisfy all of their near-
est neighbor magnetic interactions. We have found that a
large geometrical Hall effect occurs in UCu, below T=1K,
and developed a theoretical treatment for it.

Development of cerium(lll)halide nanoparticles for gam-
ma-ray detection

This task involved fabrication of CeBr -containing materials
for application as novel gamma-ray detecting species via
single crystalline CeBr, . We achieved an order of magni-
tude yield increase. Further extension of the use of the
ionic liquid to CeBr,(THF), has resulted in access to the
hitherto unknown polydentate oxygen donor solvates.

Comparison of the structures, electronic and optical prop-
erties of actinide dioxides

A systematic comparison of the lattice structures, electron-
ic and optical properties of actinide dioxides, AnO, (An=U,
Np and Pu), predicted by density functional theory + U
(DFT+U) and the Heyd-Scuseria-Ernzerhof screened hybrid
density functional (HSE06) found that the lattice constant,
partial density of states, f-band dispersion and associated
covalency, are all in significant error when compared to ex-
periment (Figure 3). The current work provides important
information to benchmark next-generation theory.

U,0,(1-10) [0.38 eV]
Split di-interstitials (transformed
byrelax) along (1-10)

U,0,(111) [0.52 eV]

Split di-interstitials in {111} planes

U,0,(0ct.) [0.77 eV] U,0,(bcc)/ U,04(beer) [0/0.01 eV]

0 ions in the octahedral interstitial position Ordered arrangement of split quad-interstitials

Figure 3. Ordering and relative stability of different U 0,
compounds.

Actinide based f-electron systems

The f-electron compounds of plutonium, uranium, and ce-
rium exhibit critical phenomena with changes in tempera-
ture, pressure and magnetic field [9-11]. URu_Si, (Ru: Ru-
thenium and Si: Silicon) has a transition at 17.5 K [8] whose
origin is “hidden” [8]. This task supplied important clues to
this long-standing mystery by mapping out the Fermi [12]
surface using world-record 45T magnetic fields at the Na-
tional High Magnetic Field Laboratory. In another actinide
material, PuCoGaSIa superconductor below 18.5K [13], the
careful mapping of the upper critical field at the National
High Magnetic Field Laboratory will lead to a better under-
standing of the superconducting mechanism.

Impact on National Missions
This project is strongly related to the broader mission
of the Seaborg Institute, advancing actinide chemistry,
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actinide materials science, and actinide simulation and
modeling to position LANL for excellence in an area that is
crucial to the missions of energy security, stockpile stew-
ardship, and nuclear safeguards and forensics. This work
has also supported the LANL Institutional Plutonium Sci-
ence and Research Strategy implementation plan. Seven
postdocs from this project became LANL staff, one became
a Director’s fellow, and six were hired into academia during
the three years of this LDRD-DR project.
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Abstract

The goal of this six-month project was to make specific
near-term progress against the grand challenge goal

of “materials by design.” We initiated a series of four
thrusts, each of which is compelling in its own right;
however, taken together, the whole is greater than the
sum of its parts. We pursued i) the co-design of micro-
mechanical models to improve the predictive capability
of engineering analyses into the regimes of high-pres-
sures and strain rates, ii) utilization of ion beam irradia-
tion as a means of accelerating materials damage with
the goal of realizing improved certification models of
relevance to nuclear energy, iii) ultrafast in-situ, transient
measurement approaches to separate coupled degrees
of freedom essential to predicting materials functional-
ity, and iv) synthesis strategies for tailoring materials
properties based on near-real-time diagnostic feedback.
While a comprehensive strategy to accelerating ma-
terials certification likely includes simultaneous in situ
measurements (iii) in relevant environments (ii) yielding
directed synthesis (iv) through theory (i), progress was
made by pursuing thrusts i) —iv) in parallel in a single
overarching project in which the project leadership’s
principal responsibility was fostering integration and col-
laboration among these thrusts.

Background and Research Objectives

This project was a focused attempt to accelerate prog-
ress towards realizing the decadal vision shared by
LANL's materials strategy - “controlled functionality” -
and the Laboratory’s vision for MaRIE - “revolutionizing
materials in extremes through a focus on the micron
frontier.” A number of community workshops, including
some led by LANL, have concluded that multiple simulta-
neous in situ measurements on real materials (i.e., those
with microstructures and defects) in relevant environ-
ments coupled to directed synthesis through theory is a
key strategy for realizing this vision. It is also clear that
full success in realizing this vision is a decadal (or be-
yond) challenge requiring experimental and theoretical
capabilities not yet available. In the near term we believe
a more segmented, staged approach is required for par-
tial success.

Specifically, in this project our approach was based on
a series of smaller thrusts and integration among these
teams, exploiting technical synergies among them. We
believe that these small steps yielded tangible benefits
in the near term and laid the foundation for greater
progress in the longer term.

Scientific Approach and Accomplishments
Thrust |

Microstructure can have a significant impact on the me-
chanical response of metallic polycrystalline materials
directly affecting performance. The microstructure of
the material evolves with deformation history. Predictive
models that capture the salient physics of the evolution
of microstructure are lacking. This is especially true for
dynamic loading conditions and phenomena, which are
driven by the extremes in the statistically distributed re-
sponse of the material. The objective of this thrust was
to develop the theoretical capability required to quan-
titatively understand the relevant phenomena that are
inherent to the shock loading of materials. The specific
focus of our effort was a study of the alpha-omega tran-
sition in zirconium. A multi-disciplinary, multi-scale ap-
proach for improving the predictive capability of model-
ing phase transformations under the conditions of shock
loading was developed. The coupled elements of theory,
experiment, coarse graining, and statistical analysis were
included in this investigation, and future experiments to
provide new insights into our understanding of retained
phases in zirconium were defined.

Thrust 11

The focus here was on exploiting ion beam irradiation

as an accelerated source of radiation damage to pro-
vide key insights to multi-scale modeling, with a focus

on microstructure-scale phenomena. We established a
capability for simultaneous irradiation and corrosion en-
vironments at the lon Beam Materials Laboratory (IBML)
at LANL. The capability enables testing the combined ef-
fect of radiation, high temperature, and corrosive media
on samples of solid metal in a chemically controlled envi-
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ronment. We also partially established a dual-ion beam ir-
radiation capability, including simulations of the calculated
depth profile of displacement damage and He deposition
in specimens under test (5 MeV Fe ion, 150 KeV He, using
the TRIM code). A 100 keV H+ beam was used to test the
beam transport efficiency from Varian chamber into the
dual-beam chamber. 200 uA beam on sapphire target was
achieved (70% efficiency) and the scanned beam produced
a 20 mm diameter uniform blue circle as expected.

Thrust 11l

In this thrust, two small scale capability development proj-
ects were undertaken. The first focused on x-ray approach-
es to separate coupled degrees of freedom essential to
predicting materials functionality in complex materials, and
the second aimed at fostering collaborative experiments
that leverages the Linac Coherent Light Source (LCLS) XFEL
facilities for development of diagnostic techniques utilizing
ultrafast coherent ultrafast x-rays for probes of transient
states. For the first effort, we developed an ultrafast time-
resolved soft x-ray dichroism spectroscopic station for mea-
suring magnetic ordering in complex correlated electron
materials (CEM). A plasma spectroscopy experiment was
chosen for the LCLS XFEL experiment. We participated in an
experiment in the soft x-ray hutch of the LCLS, in which non-
local thermal equilibrium plasma kinetics were investigated
by selectively pumping specific electronic transitions in an
optical laser generated plasma.

Thrust IV

This thrust proposed and explored a new step in reducing
the effort in finding stable compounds with desired func-
tionality. Researchers aiming to synthesize new materials
often rely on a homologous conjecture (HC): more often
than not, chemically similar materials show similar physical
properties. This HC has led to many discoveries and serves
as the foundation of attempts at moving from a fortuitous
approach to a predictive strategy for materials discovery.
Modern density functional theory (DFT) methods allow the
computational exploration of an array of chemically similar
materials to probe them for desired physical properties. This
allows a rapid down-selection of candidates suggested by
the HC, so synthesis can be attempted on a smaller number
of systems. Especially for materials with costly synthesis, this
reduction in plausible systems lessens the cost significantly.
Rather than requiring a reasonably complete description of
every phase diagram in which the sought-after compounds
sit, the idea is to computationally explore a small array of
structures --- stable, metastable, and unstable --- at the ex-
act stoichiometry of the desired compound in the array of
chemistries. The down-selection then relies on correlations
extracted from the many-dimensional space of chemistries,
structures, calculated properties, and measured properties
of previously-known compounds.

Each of the project’s thrusts made significant progress in ac-
complishing its goals given the limited six-month execution

period. Further, collaborative bridges were built between
and among each thrust enabling significant strides towards
the ultimate grand challenge goal of simultaneous in situ
measurements (iii) in relevant environments (ii) yielding di-
rected synthesis (iv) through theory (i).

Impact on National Missions

The need to predict and control materials in extremes
spans the full range of DOE missions from weapons per-
formance to energy security. Further, successful nuclear
weapons program approaches to certification of materials
performance (and the associated quantification of perfor-
mance margins and uncertainty) have not e.g., been trans-
lated to nuclear energy materials certification challenges.
In this project, we made important strides to both address
specific process-aware materials performance challenges
in our enduring nuclear weapons stockpile (e.g., zirconium
phase transition studies) and work to develop a paradigm
for accelerated materials certification for fusion energy
(e.g., accelerated radiation damage with ion beams). Fi-
nally, BES mission drivers in the area of materials by design
were advanced by our exploration of advanced ultrafast
spectroscopies and innovative theoretical approaches for
materials design.

Publications

Niezgoda, S., Y. Yabansu, and S. Kalidindi. Understanding
and visualizing microstructure and microstructure vari-
ance as a stochastic process. 2011. Acta Materialia. 59
(16): 6387.
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Introduction

Along tectonic plate boundaries, two plates move rela-
tive to each other. Under circumstances not well un-
derstood, portions of the plates become locked due to
friction. As a result, the locked portions accumulate
stress while the surrounding rock continues to deform.
When the locked region reaches a critical state and re-
leases catastrophically, an earthquake occurs. It is this
scenario that has produced the largest and most devas-
tating earthquakes in history, and the details of which
we must ultimately understand if earthquake forecasting
is to become a reality. A recent phenomena has been
discovered that could have a profound impact on fore-
casting large earthquakes: an Earth rumbling called non-
volcanic tremor comprised of long seismic signals with
no discrete beginning or end. Tremor has been observed
in an increasing number of active tectonic environments,
including subduction zones and transform faults such

as the San Andreas. Tremor, if it is located on the plate
interface, may be the manifestation of slip on a series of
faults, that may organize and accelerate before reaching
a critical size where the system destabilizes catastrophi-
cally and an earthquake occurs. However, we cannot be
certain tremor originates at the plate interface because
tremor cannot be located applying classical seismic
means. A number of tremor location schemes are in
development that are based on unproven assumptions;
the tremor locations resulting from these procedures
are literally all over the map. Until tremor is definitely
located, we have no hope of taking the next step and
testing it as an earthquake precursor. We know how to
locate tremor using our unique expertise in seismology
and time reversal. That is the goal of our work.

Benefit to National Security Missions

In addition to impacting the national security by enabling
earthquake prediction, there are numerous other prob-
lems of interest to DOE where location of long-duration
sources would have direct application, such as locating
underground structures that broadcast long duration
signals from machinery located within. Other pertinent
problems include locating moving vehicles (aircraft,
ships, submarines), as well as swimmers. The techniques

we develop for large natural structures can be, and have
been, applied to testing components important to the
weapons program.

Progress

We have made much progress on our project as evi-
denced by our publications. We have published three
papers on this topic in the past year, one a selected for
the first issue of Parity, the new Japanese journal pub-
lished by Physics Today. We also have one manuscript in
review and two manuscripts in preparation. Our model-
ing work has focused on locating tremor in California,
triggered by the August, 2009 Mexicali earthquake
several hundred km south of the tremor location. We
have for the first time successfully located tremor and a
manuscript is in preparation. This is a major milestone.
The problem has been difficult because time reversal
requires a very good numerical velocity model of Earth
and high quality seismic stations close to the region of
tremor. We did not appreciate how important these
issues were when we began our work. The tremor is
located in the deep crust at 22 km. This is the region of
plastic behavior, well below where earthquakes occur.
The results are in line with other location methods that
are in development. We have also conducted a number
of laboratory experiments exploring tremor in support
of the seismic field studies, and an outcome of that are
two papers on application of time reversal to laboratory
samples. A paper is also in review that describes the as-
sociation of tremor and slow slip in the laboratory. This
is another major milestone because it demonstrates
that tremor is associated with slip on faults. Our model
results suggest the same result, and a paper describing
this was just published in the journal European Physics
Letters. Our collaborators include individuals at ETH in
Zurich, UC Santa Cruz, Pennsylvania State University and
the USGS.

Future Work

Our approach will be comprised of: (a) laboratory experi-
ments, (b) modeling of synthetic tremor, leading to (c)
location of actual tremor, described as follows.
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Laboratory studies. Since tremor frequently appears to
move rapidly spatially-temporally, we will conduct labo-
ratory studies of moving sources to gain insight into the
Earth problem under controlled conditions. This will be
followed by experiments of a moving tremor source, since
in the Earth, tremor appears to move in time and space in
some cases. In this manner we will (a) study the limits of
resolution of the time windows vs. frequencies and veloci-
ties of the lab sample; (b) scale them to Earth; and (c) un-
cover unforeseen problems. These experiments will guide
the numerical and Earth tremor studies.

Model studies. We will proceed by identifying the best can-
didate region for TR location of tremor. Clearly, we require
previous observation of tremor. Key ingredients to success
are (1), a high density of seismic stations and (2), a high
quality velocity model for back-propagation. Top candi-
dates are Japan and Cascadia because both regions exhibit
tremor and these are two of the best-instrumented regions
in the world, with highly developed velocity models. We
cannot overstate the importance of high instrument den-
sity (the N2 dependence) and the velocity model, based on
our previous studies.

Tremor location in Earth. At this point we will locate real
tremor, having developed all of the necessary tools as de-
scribed above. We will select actual seismic data, window
it appropriately, and backpropagate it in the appropriate
velocity model.

Conclusion

At the end of three years we will have definitively an-
swered the question of where tremor originates in the

San Andreas Fault—whether it is from the deep crust or
mid crust in transform faults. By doing so, we will resolve
whether or not tremor can be tested in the framework of a
new earthquake forecasting tool. We will create a new goal
at LANL in locating noisy underground structures, swim-
mers/divers with nefarious intent, location of moving ve-
hicles, and aircraft, all difficult problems at present for the
same reason as tremor: no discrete wave arrivals.
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Introduction

Since their initial discovery, nanocrystal quantum dots
(NQDs) have been considered as a key candidate mate-
rial for solid state lighting (SSL) because they not only
exhibit robust optical characteristics ideally suited for
the SSL application but also can be synthesized and
processed into LED devices in very cost efficient ways.
However, NQD-based Light Emitting Diodes (NQD LEDs)
reported to date suffer from low efficiency (external
guantum efficiency, EQE < 2%) and short device lifetimes
(<300 h). The relatively poor EQEs and stabilities of
NQD-LEDs originate primarily from two deficiencies of
the NQD active layer: (1) a strong dependency of NQD
optical properties on molecular organic surface ligands
and (2) the existence of various non-radiative recombi-
nation processes including multi-carrier Auger recom-
bination. Previous work in our team has demonstrated
that g-NQDs are far less susceptible to these “inherent”
NQD properties, exhibiting suppressed blinking and
ligand-related photobleaching [1,2] and suppressed Au-
ger recombination [3,4]. G-NQD therefore holds great
promise for LED application. However, there are also
several potential issues that could make g-NQDs unsuit-
able for LED applications, e.g., relatively lower quantum
yields, a large size that reduces the number of emitters
per NQD layer, and a thick shell that could hinder charge
injection compared to thin-shell NQDs.

To investigate these issues, we have set the following as
the research objectives for this research:

1. Demonstrate superiority of g-NQDs over standard
NQDs in LED applications

2. Develop novel active layer for the LED by integrating
g-NQDs into a semiconducting solid-state matrix.

3. Develop the first, all-solid-state NQD-LED for a para-
digm shift in efficiency and stability

Benefit to National Security Missions

The proposed g-NQD based, low-cost, all-solid-state LED
architecture has the potential to become the key en-
abling technology for energy-efficient SSL applications.

Furthermore, it could also pave the way for electrically
pumped NQD lasers and single-photon sources that have
applications in defense and intelligence programs. Our
project, therefore, directly addresses the main mission
of DOE “Discovering the solution to power and secure
America’s future” through strategic themes of “energy
security” and “scientific discovery and innovation.”

Progress
Demonstrating the superiority of g-NQDs over standard
NQDs in LED application

To demonstrate this point, we integrate our g-NQDs and
conventional thinner shell NQDs into a very simple “test-
bed” LED device architecture and compare their device
performances. The “test-bed” LED architecture used in
our studies comprises (CdSe)CdS NQD films sandwiched
between a PEDOT:PSS hole-injecting anode and a LiF/Al
cathode (Figure 1a). Despite the simplicity of the device,
we obtain a maximum external electroluminescence
quantum efficiency (EQE) of ~0.17% and maximum lu-
minance of 2000 Cd/m? (Figure 1b). This performance
represents a nearly two order-of-magnitude improve-
ment compared to a similar device utilizing conventional
NQDs as the emitting layer. Furthermore it is also on par
with recently reported all-inorganic, red-emitting LEDs
based on more complex device architectures but using
conventional NQDs (~0.09% and 2000 Cd/m?: [5]; ~0.2%

[6].

To clarify the role of shell thickness on LED performance,
we directly compare CdSe/CdS core/shell NQDs of in-
creasing shell thicknesses, ranging from 4 to 16 CdS
monolayers. Our results show that EQE and maximum
luminance improve dramatically for thicker shell sys-
tems, even though both solution-phase emission effi-
ciencies and the number of g-NQDs in the emitting films
actually decline for thicker shell NQDs (Figure 1c-d).
Furthermore we also observed that electroluminescence
turn-on voltage does not change with shell thickness,
showing that the thick shell does not impede charge in-
jection Figure 1le).
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Figure 1. (a) Schematic representation of a g-NQD-based
LED showing the ITO-coated glass substrate, the PEDOT:PSS
hole injecting layer, the active NQD monolayer film and

the LiF/Al cathode. Schematic of g-NQD and a scanning
electron microscopy images (250 nm x 250 nm) of the
active layer are shown as insets. (b) External quantum ef-
ficiency of the LED plotted as a function of current density.
Inset: Photograph of a working LED at driving voltage of 9V
(J = 450 mA/cm2) showing uniform EL emission from sev-
eral LEDs on the same substrate. (c) Shell thickness depen-
dence of device parameters: a) Number of NQDs per cm2 in
the LED active layer (circles) and solution PL quantum yield
(squares); d) maximum EQE (squares) and maximum light
output (circles); e) EL turn-on voltage (squares) and current
density at turn-on (circles) as a function of shell thickness.

Our results clearly reveal that g-NQDs provide unique and
potentially transformative advantages (e.g., suppressed
Auger recombination, insensitivity to surface ligands) for
LED applications, while retaining other signature charac-
teristics of NQDs, such as high quantum yields, narrow
emission, and the ability to be processed using low-cost,
solution-based methods. A manuscript reporting this work:
“‘Giant’ CdSe/CdS core/shell nanocrystal quantum dots as
efficient electroluminescent materials: Strong influence
of shell thickness on light-emitting diode performance,” is
currently under review at Nano Letters.

Evaluating the potential of g-NQDs as a red phosphor for
white light LEDs

We fabricated optical down-conversion LEDs as simple plat-
forms for comparing g-NQDs with conventional thin-shell
NQDs with respect to (1) operational stability and (2) self-
reabsorption. These devices comprised an indium-tin-oxide
(ITO)-coated glass substrate onto which a commercially
available, electroluminescent, copper-doped ZnS powder-
phosphor (ELmax = 445 nm) dispersed in a transparent in-
sulating binder was deposited. Copper tape adhered onto
the EL phosphor layer was utilized as a top contact. g- NQD
dispersed in a polymer was utilized to create a uniform

film on the glass slide (opposite to the ITO side) as the
active down-conversion nano-phosphor material (Figure

2a-b). We prepared devices using core-only CdSe NQDs, as
well as 4-shell, 11-shell and 16-shell CdSe/CdS NQDs. We
probed the long-term operational stability of these devices
under continuous AC bias voltage for more than 50 hours
by following the change in the down-converted PL intensity
of the NQD films (Figure 2c). The study reveals that while
the thick shell device can retain more than 80% of their
emission after 50 hours of operation, PL of core only and 4
shell devices are reduced by more than 60%.
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Figure 2. (a-b) Schematic of down-conversion device ge-
ometry and fabricated device, (c) device temporal stability
as a function of shell thickness, (d-f) comparison of self-
reabsorption effect for g-NQDs and core only devices, and
(g-h) down-conversion WLEDs and their CCTs on the 1931
CIE color space.

SSL devices typically utilize high concentration of active
NQDs that can result in lower device efficiency because

of self reabsorption issues (self PL quenching at high NQD
concentrations). In order to study the self reabsorption
effect, we have compared the device PL for g-NQDs and
core only NQDs (Figure 2d-f). We find that our g-NQD
devices exhibit significantly less self- reabsorption effects
as compared to core only devices. Furthermore, unlike
conventional NQDs, minimal unwanted yellow/green ab-
sorption is also observed for g-NQDs. More recently, we
have integrated green emitting InP/ZnS core/shell NQDs
into our device structure consisting of red g-NQDs and blue
EL phosphor to demonstrate down-conversion white light
LEDs (WLEDs). We have successfully fabricated WLEDs
with tunable CCT ranging from 3200 to 5800 K represent-
ing warm to cool white light shade interval while maintain-
ing the chromaticity point in the white region of the CIE
color space (Figure 2g-h).

These results clearly demonstrate the superiority of g-
NQDs over conventional NQDs as stable and efficient
nano-phosphors for down-conversion LED applications
with minimal self reabsorption. g-NQDs can also be eas-
ily integrated into WLED platforms to create white light
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source within a tunable CCT range. A manuscript reporting
this work: “Giant Nanocrystal Quantum Dots (g-NQDs) as
Stable and Efficient Down-Conversion Phosphors for Appli-
cations in Light-Emitting Diodes” is under preparation.

Encapsulation of g-NQD into Semiconductor Matrix

In integration of the g-NQDs with polymer-assisted depo-
sition (PAD) grown GaN film, we have identified that the
qguenching of the PL of g-NQD film under the chemical
environment and annealing temperature required for the
PAD process as the key road blocks. We have further ob-
served that g-NQD can survive up to 350 °C if annealing is
performed under high vacuum. Based on this observation,
we are currently exploring the way to grow amorphous
GaN at low temperature and at the same time improving
temperature endurance level of our g-NQDs. In parallel
with this effort, we are investigating alternative thin film
deposition approaches including pulsed laser deposition
(PLD) which has been demonstrated to grow high quality
metal oxide films (ZnO, NiO and CuQ) in UHV environment
without requiring high temperature treatments [7]. Pre-
liminary study show that g-NQDs encapsulated with PLD
grown ZnO layer can retain its PL emission (Figure 3a). We
are also pursuing a solution chemistry approach. This ap-
proach will employ co-deposition of ultra-small nanocrys-
tals of the intended semiconductor matrix composition
with the g-NQDs, where deposition will afford an intimate
mixture of these two species. Subsequent ligand exchange
followed by mild annealing to facilitate melting of the
ultra-small nanocrystals will result in an effectively melt-
sintered composite film. We have recently performed a
proof of the principle experiment for this approach and the

findings are summarized in Figure 3b.
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Figure 3. (a) PL spectra of g-NQD film before (black line)
and after (red line) the deposition of ZnO film by PLD. (b)
Absorbance spectra of 2nm diameter CdS film before (blue)
and after (red) the annealing at 350 _C under UHV. Disap-
pearance of the NQD absorption peak after the anneal-

ing indicated that the small diameter NQD has complete
melted. Inset: PL spectra of g-NQD before (red) and after
(black) the annealing at the same temperature and pres-
sure show that the PL of the g-NAD film is unaffected by
the annealing.

Future Work
Integration of g-NQDs into a semiconducting matrix and
fabrication of LEDs

We will perform cross-sectional TEM study on the g-NQD/
PLD-grown-ZnO film to investigate the quality of encapsu-
lation. We will further integrate a g-NQD/ZnO active layer
into our test-bed LED device structure. In addition we will
explore another solution chemistry approach for encapsu-
lation of g-NQDs into a semiconducting matrix. Here we
will utilize literature approaches [8] for inorganic ligand
exchange and subsequent thermally induced reaction of
the inorganic ligands to form a composite film comprising
NQDs and a continuous semiconductor film.

Evaluating the potential of g-NQD as red phosphor for
down conversion LEDs

We will integrate our polymer-NQD composite film with
GaN blue LED and test its performance in actual device
geometry. We will systematically study the effect of heat-
ing on quantum yield and stability of our g-NQD phosphor.
Furthermore we will also integrate metallic nanostructures
into our g-NQD polymer composite film and investigate
the way to further enhance the performance of the LED via
plasmonic effect.

Fundamental study on charge and energy transfer
processes

We will also investigate the transfer of charge and energy
from the g-NQDs to the electron-hole transport layers

and semiconducting matrices. This study will give us the
guideline for development of semiconducting matrices and
device design. In parallel, we will also investigate charge/
energy transfer among the NQDs emitting at different
wavelengths. The finding of this study will help us design
better white light emitting phosphors.

Conclusion

This project will enable a transformational breakthrough
in NQD-LED technology and establish our g-NQD based

all solid-state LED as a viable “third technology” toward
achieving the ultimate goal of SSL. Since general lighting
applications consumed 20% of U.S. electricity use, even

if 50% efficient SSL were achieved and replaced current
white-lighting technologies, electricity use for lighting will
be cut by 62% and in the U.S. alone, consumers would save
around $42 billion each year in electricity cost by 2025.
Our project therefore has great potential to make tremen-
dous economical and ecological impacts through energy
conservation.
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Introduction

We proposed to develop new catalysts for the selective
unraveling and monomer unit extraction of the natural
polymer lignin. Lignin is a non-food biomass that makes
up the woody component of lignocellulose. The DOE es-
timates that the US could produce as much as 1.3 billion
tons/y of lignocellulosic biomass, enough to replace 30%
of the current US petroleum consumption. Efficient
transformation of lignocellulose into usable chemicals
and fuels remains a major challenge, particularly due to
the difficulties associated with lignin breakdown. Lignin
is resistant to natural decomposition processes, and has
been considered a nuisance or roadblock in the conver-
sion of biomass to fuels. Methods to depolymerize lignin
would therefore potentially be a key breakthrough to-
wards the production of bioderived fuels and chemicals.
Our catalytic oxidation of lignin is targeted to convert
lignin into smaller, soluble, more useful components us-
ing less energy and generating less waste than current
methods. Such a process will have dual usage: it would
provide a way to improve biofuels processing by remov-
ing lignin, as well as provide a new route to valuable aro-
matic compounds necessary for jet fuels (DOD applica-
tions) and industrial applications (Industry has expressed
a strong interest in our lignin depolymerization program
for their aromatic chemical feedstock needs).

Benefit to National Security Missions

The proposed work will significantly contribute to the
development of alternative and renewable sources of
energy, facilitate reduction of CO2 emissions, and con-
tribute new technologies to enable us to live in a more
sustainable fashion. Catalysts currently used with great
success in the petroleum industry are not compatible
with the highly functionalized compounds derived from
biomass, and thus, new catalytic approaches are funda-
mentally required for the unraveling of complex organic
molecules of biological origin. Moreover, this project
directly impacts the sustainable and renewable energy
needs the US.

Progress
Efficient transformation of lignocellulose into more valu-

able products remains a major challenge, particularly
due to the difficulties associated with breakdown of
lignin. New methods to depolymerize lignin would rep-
resent a major breakthrough towards the production of
bio-derived chemicals and fuels. An aerobic oxidation
could be an inexpensive, environmentally friendly ap-
proach to convert lignin into smaller, soluble compo-
nents. As described below, we have developed several
vanadium catalysts capable of aerobic oxidation under
mild conditions and have carried out studies to under-
stand the mechanisms of these reactions and explore
the substrate scope and selectivity. A greater under-
standing of the mechanism of vanadium-mediated oxi-
dations could enable the development of more effective
vanadium catalysts, and could elucidate factors underly-
ing the overall reaction selectivity. Detailed investiga-
tions of the mechanism of alcohol oxidation by dipicoli-
nate vanadium(V) have been carried out. The role of the
pyridine in the reaction has been studied. Kinetic studies
of the alcohol oxidation suggest a pathway where the
rate-limiting step is a bimolecular reaction involving at-
tack of pyridine on the C-H bond of the isopropoxide
ligand. The oxidations of mechanistic probes cyclobu-
tanol and t-butylbenzylalcohol support a two-electron
pathway proceeding through a vanadium(lll) intermedi-
ate. The alcohol oxidation reaction is promoted by more
basic pyridines and facilitated by electron-withdrawing
substituents on the dipicolinate ligand. The involvement
of the base in the elementary alcohol oxidation step
determined for dipicolinate vanadium(V) is a substantial
departure from what has been previously proposed and
may provide a new handle for controlling selectivity in
vanadium-mediated lignin oxidations. This work was
published (Hanson, S. K., Baker, T. R., Gordon, J. C., Scott,
B. L., Silks, L. A., Thorn, D. L. “Mechanism of Alcohol Oxi-
dation by Dipicolinate Vanadium (V): Unexpected Role of
Pyridine” J. Am. Chem. Soc. 2010, 132, 17804).

Based on the results of the mechanistic study described
above, a new catalytic system was discovered capable of
aerobic oxidation under very mild conditions. A number
of different additives, solvents, and vanadium catalysts
were tested, and it was found that the combination of
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the complex (HQ)2VV(0)OiPr (HQ = 8-quinolinate) and
NEt3 is a highly active catalyst for aerobic alcohol oxida-
tion. Conversion is significantly diminished in the absence
of triethylamine. The substrate scope was also investi-
gated; benzylic, allylic, and propargylic alcohols were
readily oxidized to the corresponding aldehydes while
aliphatic and sterically hindered alcohols showed little or
no conversion. This catalytic system is advantageous in
that it features an inexpensive base metal catalyst, uses
air as the co-oxidant, produces water as the by-product of
oxidation, and provides a significant improvement in atom
economy over traditional stoichiometric oxidants. This
work has both been published (Hanson, S. K., Wu, R., Silks,
L. A. “Mild and Selective Vanadium-Catalyzed Oxidation of
Benzylic, Allylic, and Propargylic Alcohols Using Air” Org.
Lett. 2011, 13(8), 1908), and is undergoing patenting (doc
#S121573/L2011037). In addition, our catalyst systems
have been compared to copper catalysts for the oxidation
of lignin model systems (see Comparison of Copper and
Vanadium Homogeneous Catalysts for Aerobic Oxidation of
Lignin Models. Baburam Sedai, Christian Diaz-Urrutia, R.
Tom Baker, Ruilian Wu, L. A. “Pete” Silks, and Susan K. Han-
son Catalysis, 2011, Special Issue, Victor S. Y. Lin Memo-
rial Issue, 1, 794.). The oxidations of several lignin model
complexes are currently being tested using the optimized
catalytic system. The model systems have been construct-
ed and are stable isotope labeled in strategic positions to
provide mechanistic insight. Very recently, we found that
the 8-quinolinate vanadium catalyst mediates a unique
C-C bond cleavage reaction in our lignin dimer model
system. Surprisingly, an acrolein derivative was formed,
resulting from a highly unusual alkyl-phenyl bond cleav-
age reaction. Vanadium complexes have been reported

to oxidatively break the C-C bonds between vicinal diols,
a-hydroxyketones, and a-hydroxyethers, as well as mediate
the decarboxylation of 1,2- and 1,3-hydroxycarboxylic ac-
ids, but vanadium-mediated cleavage of a benzylic carbon-
carbon bond has never previously been observed. A manu-
script describing this work has been submitted. (Hanson,
S. K., Wu, R., Silks, L. A. P. “C-C or C-O Bond Cleavage in a
Phenolic Lignin Model Compound: Selectivity Depends on
Vanadium Catalyst,” Angew. Chem. 2011, in review)

Future Work

Preparation of V and Mn complexes and the investigation
of their stoichiometric and catalytic reactivity with lignin
models and air are in progress. Future work will involve
investigating several new vanadium catalysts, synthesizing
new types of lignin model compounds and testing their
reactivity with vanadium catalysts, and evaluating the reac-
tivity of the vanadium catalysts in ionic liquid solvents.

Conclusion

This work has the goals; (a) The synthesis and characteriza-
tion these complexes, investigation of catalytic reactivity
with lignin model compounds; (b) Elucidation of the mech-
anism of the reaction allow us to develop more effective

and selective catalysts; (c) Upon selection of the best per-
forming catalyst(s) begin study with commercially available
lignins such as organosolv and kraft lignin. This project
then, would provide sustainable and renewable sources of
these important industrial compounds.
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Introduction

Superconducting materials may have a significant im-
pact on the energy use and requirements of the future.
Superconductors provide means for loss-less energy
transmission and energy storage among other impor-
tant applications. The symmetry of the superconducting
gap is one of the most important properties of a super-
conductor that might reveal its underlying microscopic
mechanism. It is commonly the first question posed
after the discovery of a new superconductor. Thermal
transport and specific heat often provide important
clues into the structure of the superconducting gap.

For a fully gapped Fermi surface, both low temperature
electronic specific heat and thermal conductivity in the
superconducting state decay exponentially as a function
of temperature, while the presence of nodes, where the
super-conducting gap goes to zero, manifests itself in a
power-law temperature dependence of these quantities.
For example, thermal conductivity of CeColn5 in a mag-
netic field rotating within the a-b plane displayed four-
fold oscillations, which was attributed to the presence
of nodes in the superconducting gap that are located
along the [110] direction, suggesting symmetry of the
superconducting order parameter. Specific heat mea-
surements also revealed four-fold oscillations in a field
rotated within the a-b plane. With recent theoretical
advances, a combination of ARCK tools (Angle-Resolved
specific heat C and magneto-thermal conductivity k) has
the potential of becoming a powerful probe of the sym-
metry of the superconducting order parameter. We will
validate the general correctness of our present theoreti-
cal understanding by performing ARCK on CeColn5 down
to 20 mK and fields up to Hc2 = 12 T. By combining both
thermal conductivity and specific heat measurement ca-
pabilities at a single facility, together with the underpin-
ning theoretical support required for this project, we will
take the lead in this emerging field of ultralow-energy
quasiparticle spectroscopy.

Benefit to National Security Missions

Superconductivity was the first examples of a macro-
scopic phase that arose from fundamentally quantum
interactions. Since its discovery, superconductivity re-

mains a foremost field of research, both basic as applied.
Basic research in superconductivity these days is focus-
ing on unconventional superconductivity, where novel
phenomena and novel states of matter are discovered

at great pace. This field of superconductivity is also di-
rectly related to applications, since most of the recently
discovered high temperature superconductors belong to
this class of materials. DOE/SC and NSF are therefore pri-
mary agencies. Basic Understanding of Materials is the
primary mission relevance of this project.

Progress

We have completed the conversion of the dilution re-
frigerator/superconducting magnet system in 32/128
from 9 Tesla to 14 Tesla magnet with a new high holding
capacity dewar. This now allows us to conduct prelimi-
nary investigations/selection of unconventional super-
conductors for the field-rotated studies in the same field
range, as well as perform ground work, such as ther-
mometer calibration, upto 14 T.

We have established collaboration with Prof. Bill Halp-
erin of the Northwestern University to investigate high
purity UPt3 samples prepared in his laboratory, and ob-
tained two UPt, samples for specific heat measurements
in rotating field - the highest quality UPt3 samples.
These samples were thoroughly characterized via poor
resistivity and magnetization measurements. These

two samples have different orientation of the long axis,
that will allow rotation of the magnetic field both in the
equatorial a-b plane (azimuthal angle ¢) and a-c plane
(polar angle ®). The a-b sample is mounted and the ex-
periment is being assembled for cooldown. The specific
heat cell for the rotator probe has been assembled, with
calibrated thermometer, the sample mounted, and the
first experimental investigations are being conducted.

Papers on non-centrosymmetric (NCS) superconductors
LaRhSi, and La_Bi Pt, are being prepared. NCS SC are
expected to have tendency toward mixed singlet and
triplet SC components, and therefore potentially pos-
sess nodes in the SC order parameter. ARCK should be
a useful tool in probing such complex order parameter.
Thermal conductivity and specific heat measurements
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were finished on LaRhSi,, which turned out to be a Type |
superconductor. Expectations of thermal conductivity for
Type | superconductor, both in zero and applied magnetic
field, are being explored by our theory collaborators (llya
Vekhter from LSU).

Within the theoretical component of the project, we carried
out the first realistic thermodynamic and thermal transport
calculations to study the ab-initio band-structure effect on
the magnetic-field orientation dependence of the supercon-
ducting gap function in various families of high-temperature
and heavy-fermion superconductors. When a magnetic field
is applied along a particular direction to the sample, it ex-
cites electrons locally inside and outside the vortex core. As
a feedback effect, the relevant thermodynamic properties
acquire a characteristic field-angle dependence which has
been used earlier as a direct manifestation of the underly-
ing superconducting anisotropy. For the first time our theo-
retical study shows that the anisotropy of the underlying
electronic state itself plays a crucial role in the oscillations
of the thermal properties so that a direct map between the
maxima/minima of oscillations and the superconducting
anisotropy can not always be made. We used realistic Fermi
surfaces and electronic dispersions, and calculated the
angle-resolved oscillations of the specific heat and thermal
conductivity in a rotating in-plane magnetic field for FeSe
and CeColn,, using realistic tight-binding Fermi surfaces.

For FeSe our calculations show sign reversals in the ampli-
tude of specific heat and thermal conductivity oscillations
(Figure 1) as a function of temperature and fixed field for all
gap symmetries investigated!!! These results can be tested
in the FeSe_, Te .. compound and emphasize the impor-
tance of Fermi surface anisotropies for the identification of
gap structures. These results (authors are Das, Vorontsov,
Vekhter, Graf) will be submitted to Physical Review Letters;

the manuscript is in preparation.

In the case of CeColn,, also a multiband superconductor,
we find that an electron pocket at the M point and a hole
pocket at the Gamma point of the Brillouin zone, yield suffi-
ciently large Fermi surface anisotropies to produce large os-
cillations even for isotropic s-wave pairing. Our calculations
show sign reversals in the amplitude of specific heat and
thermal conductivity oscillations as a function of tempera-
ture and fixed field for all gap symmetries investigated (Fig-
ure 2 and Figure 3). These results can be tested in CeColn,
and emphasize the importance of Fermi surface anisotro-
pies for the identification of gap structures and gap sym-
metries. These results (authors are Das, Vorontsov, Vekhter,
Graf) will be submitted to PRB; the draft is in preparation.

These theoretical results were completely unexpected, and
took the community by surprise. They will lead to re-exam-
ination of old experimental results on identification of the
order parameter symmetry in unconventional superconduc-
tors, as well as design of the future experiments. Combining
thermal conductivity and specific heat may be absolutely

necessary to gleam the order parameter symmetry form
these type of measurements.
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Figure 1. Field-temperature phase diagram of the oscilla-
tions minima/maxima in specific heat (top four panels, al
through d1) and thermal conductivity (bottom four panels,
a2 through d2) of FeSe. Both s-wave and three considered
d-wave order parameters result in switching of maxima
and minima (color change) of oscillations.
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Figure 2. Specific heat (a-c) and thermal conductivity (d-f)
of CeColn, for three possible symmetries of the order pa-
rameter (s, d_xy and d_x2y2) as a function of the direction
of magnetic field within the equatorial a-b plane, for sev-
eral values of reduced temperature T/Tc. Both s-wave and
d-wave order parameters result in switching of maxima
and minima of oscillations as a function of reduced tem-
perature, shown in panels g-i.
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Figure 3. Field-temperature phase diagram of the oscilla-
tions minima/maxima in specific heat (top three panels, a
through c) and thermal conductivity (bottom four panels, d
through f) of CeColn,. Both s-wave and two considered d-
wave order parameters result in switching of maxima and
minima (color change) of oscillations in both specific heat
and thermal conductivity, however at different positions in
the H-T plane.

Future Work

We are turning our immediate attention to investigation
of superconducting order parameter symmetry in UPt,,
both due to our acquiring the highest quality samples from
Pr. Halperin group in Northwestern University, and due

to resurgent interest in this question. New experimental
results on thermal conductivity in rotating magnetic field
from Machida et al. in Japan point to the need for compli-
mentary specific heat measurements, and we will perform
specific heat measurements on UPt, in a rotating magnetic
field first.

We will then turn our attention to CeColn,. Thermal con-
ductivity measurements under a rotating magnetic field
are proving to be a powerful probe of the structure of the
superconducting energy gap and location of its nodes.
CeColn,, originally discovered at LANL with Tc=2.3 K, was
shown to be unconventional, with lines of nodes, via
specific heat and thermal conductivity in zero magnetic
field, based on the zero-temperature universal thermal
conductivity and a power-law temperature dependence of
the thermal conductivity. CeColn5 was the first HFS where
thermal conductivity in a magnetic field rotated in the (a,b)
plane displayed four-fold oscillations, which was attributed
to the presence of nodes in the superconducting gap that

are located along the [110] direction, suggesting symme-
try of the superconducting order parameter. Similar ther-
mal conductivity studies were subsequently used by the
same group for the identification of the superconducting
gap structure in a number of different superconductors,
including organic, and a Pr-based (possibly electric quadru-
polar origin) HFS. However, the need for a deeper under-
standing of the thermodynamic and transport phenomena
under rotating magnetic fields was exposed by the subse-
guent specific heat measurements. These measurements
too revealed four-fold oscillations in a field rotated within
the a-b plane, where the experimentally observed minima
in the specific heat, under a rotating magnetic field, would
place the nodes along the [100] and [010] directions, sug-
gesting symmetry, in clear contradiction with the inter-
pretation of the thermal conductivity measurements. This
controversy pushed the development of more complicated
theories of specific heat and thermal conductivity for nodal
superconductors in rotating fields, which predicted that
the positions of maxima and minima with rotating field, for
both specific heat and thermal conductivity, should switch
in the H-T plane, compared to the T=0 K expectations. We
will look for this switching, thereby validating our under-
standing of Abrikosov vortex physics.

Conclusion

Our ARCK measurements, over a broad range of field (from
zero to Hc2 = 12 T) and temperature (from Tc down to 20
mK), will validate the available theoretical model, which
reconciled the initially contradictory results in the higher
temperature regime. A detailed comparison between
experimental results and theory will necessitate further
refinement of theoretical models and shed light on the ap-
propriateness of the approximations made in the model
calculations. Using ARCK as the new ultralow-energy quasi-
particle spectroscopy tool, we will establish the symmetry
and structure of superconducting order parameters in a
number of systems of current high interest.
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Introduction

Catechol and catechol-derived products are globally
consumed commodities of importance to a wide range
of industrial applications, including textile and pharma-
ceutical synthesis, pesticide production and the specialty
chemical industry [1]. Catechol, like the majority of all
phenol derivatives, is currently produced on an indus-
trial scale (global consumption >20,000 metric tons per
year) via distilling of thermally cracked crude oil, or by
oxidation of benzene. Not only are these processes en-
vironmentally harmful, production costs are dictated by
the price of crude oil. The main goal of this project is to
develop a photosynthetic, environmentally friendly route
to production of these important industrial products.
This will be undertaken by metabolically engineering a
cyanobacterial species, Syenchocystis PCC 6803, with a
unique enzyme discovered by our team which will afford
it a means to produce the catechol precursor, 3,4-dihy-
droxybenzoic acid. Further metabolic engineering pro-
cesses will be pursued to provide a means to yield adipic
acid, which is the primary component of nylon.

Benefit to National Security Missions

This work aims to produce commodity chemicals inde-
pendent of the petroleum industry, and to do so via an
approach that itself mediates environmental greenhouse
gasses. This is directly in line with stated DOE-EERE mis-
sions in renewable energy and materials, and environ-
mental stewardship. It also provides fundamental bio-
logical and engineering studies in algae, which is of inter-
est to other governmental agencies such as NIH or NSF.

Progress

Multiple poster and oral presentations, both on domestic
and international stages, were showcased to a diverse
range of audiences. In addition, this work has led to a
successfully submitted patent application that is current-
ly on the USPTO docket for approval as a formally issued
U.S. patent [2]. We have met our ongoing milestones
outlined in our proposal for years 1 and 2 and are ahead
of schedule for year 3. We were able to contribute to the
recent review highlighting biofuels research as part of a
joint effort between LANSCE-PCS, the University of Wis-

consin-Madison, and the University of New Mexico [3].

Thus far, we have identified and verified all of the cata-
lytic competency of the enzymes necessary to produce
all four commodity chemicals of listed in our proposal
3,4-DHB, catechol, cis, cis-muconic acid, and b-carboxy-
cis, cis-muconic acid. The last compound was not specifi-
cally called out as a targeted milestone in the proposal
but is an integral component of expanding our substrate
repertoire in both hetero- and phototrophic microbes.
The above mentioned compounds were all produced and
secreted into the extracellular matrix when expressed in
E. coli and grown in minimal media containing glucose.
Importantly, we did not see an accumulation of interme-
diates when multiple steps in the shunt pathway were
introduced, which is an important feature in order to
ensure minimal purification schemes when isolating the
final product. The produced chemicals also exhibited vir-
tually undetectable toxicity to the host. This early work
was presented at Virginia Tech University (Figure 1).
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Figure 1. The metabolic pathway toward amino acid bio-
synthesis is being exploited for production of our desired
commodity chemical. We have identified four different
classes of enzymes for our bioengineering studies.

Concomitant to the work in E. coli, we have clearly es-
tablished optimal growth conditions for Synechocystis
PCC6803 ranging from 5 mL up to 15 L. During this time
frame John identified an interesting growth pattern for
PCC6803 using by flow cytometry. Within a single mon-
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oculture, two very discrete populations were observed that
had clearly differentiated phenotypes that corresponded
to different growth rates (in the same shake flask!). This
phenomenon is being explored to a greater extent but

we feel that the results from this study may lead to new
insights into identifying optimal growth conditions for
isolating a PCC6803 population that is more amenable to
our bioengineering platforms. We expect a peer-reviewed
publication to be communicated from these exciting stud-
ies during the final year of this project. Importantly, this
work received an award for best poster presentation at the
internationally recognized Keystone Biofuels Symposium

in Singapore [5]. This work was showcased as a PADSTE
highlight in April and was well received amongst the LANL
biofuel community [6].
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Figure 2. Cartoon sketch for the theoretical conversion of
CO, and light toward our bioengineered shunt pathway in
phototrophic microbes.

The final, and arguably the most difficult, task of this proj-
ect is to move our genes encoding the identical enzymes
for our heterotroph into PCC6803 via a double homolo-
gous recombination event. This task is further complicated
due to the fact that PCC6803 has multiple (>100) genomic
copies. Statistically, complete integration of our gene(s) in
a single transformation is highly unlikely and, we found, re-
quires multiple rounds of transformation and screening for
transformants against our selection marker. We developed
a protocol that utilizes both a positive (kanamycin resis-
tance) and negative (sucrose sensitivity) selection marker
in order to generate a homogenous PCC6803 population
harboring complete insertion of our genes of interest. Our
early stage experiments have revealed partial integration
as judged by PCR and weak resistance to kanamycin. We
received invaluable input on how to overcome these bio-
engineering barriers at the ASM meeting in New Orleans
where the culmination of all our work was presented [7].
Continued studies towards this end will continue for the
duration of this project. Ultimately, we anticipate having

an established bioengineering protocol in place specific

for PCC6803 within the next 6 months. However, we
recognize bioengineering into this organism may prove

an insurmountable task. Therefore, we have recently ac-
quired a related cyanobacterium, Synechococcus elongatus
PCC7942, for our bioengineering studies. Through personal
communications, we believe this organism may be more
suitable for our genetic engineering studies. The balance
of the project will be dedicated towards moving our genes
of interest, beginning with AsbF, into the genome with the
expectation the first step in the shunt pathway (3,4-DHB
production) will be clearly demonstrated (Figure 2).

This work was presented at the LANL Biosciences Capabil-
ity Review {8} and elsewhere [9].

Future Work

The specific aims of this work are threefold. First, we will

engineer a photosynthetic cyanobacterium, Synechocystis
PCC 6803 or Synechococcus PCC7942, to produce the cat-
echol precursor, 3,4 dihydroxybenzoate (DHB).

Second, further engineering of the recombinant DHB pro-
ducing cyanobacteria will be undertaken to afford a strain
which can produce cis, cis muconate (nylon precursor).
Third, we will optimize growth and maintenance conditions
of both PCC 6803 S. elongates PCC7942 for enhancement
of DHB and cis, cis muconate production, and to conduct
advanced structural studies on our key enzyme, asbF.

In order to address the first goal, we will transform the
cyanobacteria cells with asbF, which is a novel enzyme
discovered by our team. We have observed that integra-
tion of asbF into other bacteria outfits them with a means
to make 3,4-DHB. Various reports document protocols for
introduction of exogenous plasmids into Synechocystis and
a number of promoters will be tested to effect optimum
DHB production. Accomplishment of goal one is observ-
able upon isolation of DHB from culture extracts of the
recombinant strain. Note: We are extending our studies
into another cyanobacterium, Synechococcus elongatus,
due to some technical difficulties we have encountered in
PCC6803. Vector design and assembly will be slightly al-
tered as a result.

Further engineering of the strain in aim 1, by introducing

a second construct to the strain with genes encoding DHB
decarboxylase and catechol 1,2-dioxygenase. This process
will enable the bioengineered organism a facile means to
produce cis, cis-muconate, which is the penultimate inter-
mediate to adipic acid, the Nylon 6,6 precursor. Adipic acid
is readily produced through chemical reduction of the dou-
ble bonds in cis, cis-muconate via hydrogenation. Quantifi-
cation of adipic acid production will also be undertaken.

Third, we will conduct studies to optimize the production
of both aforementioned products in the recombinant host.
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The effect of various environmental variables on chemical
production, such as light intensity, media nutrients and CO,

concentration will be explored to optimize production.

Conclusion

We aim to equip the cyanobacteria Synechocystis PCC 6803

and Synechococcus elongates PCC7942 with a means to

produce a number of industrially important commodity

chemicals, including catechol and adipic acid precursors,
via metabolic engineering. Tens of thousands of tons of
these commodities are consumed annually across the

globe, and currently they are almost exclusively produced
from petroleates. Our work provides a renewable, petro-

leum-independent route to these commodities. Further-
more, since Synechocystis only requires light and carbon

dioxide for growth, our approach also provides a means to

mitigate environmental greenhouse gases in this process.
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Introduction

Energy resolving gamma-ray detectors are crucial to
national security, nonproliferation, and basic research.
Principally, there is a need to identify radioactive materi-
als (such as fissile material) and detect their movement.
When gamma-rays interact with matter, much of the en-
ergy is converted into energetic electrons that cascade
into showers of lower and lower energy electrons. In
single-crystal scintillators, the electrons produce visible
photons in a relatively well-understood manner. Energy
resolution is simply a matter of counting the number of
photons produced by a gamma-ray absorption event:
the more photons produced, the higher the energy of
the gamma ray that caused them.

Semiconductor nanocrystals are of significant interest

as scintillators because of their high gamma-stopping
power, high emission quantum yields, solution processi-
bility and low cost in comparison to large single crystals.
While nanomaterials will convert incident gamma-rays
into energetic electrons the same as other materials, the
transduction of those electrons into photons is poorly
understood, as it is made more complex in nanomateri-
als because of their unique optical properties, and the
influences of interfaces throughout the very heteroge-
neous composite material. While ultrafast lasers and
detectors have allowed us to achieve amazing insight
into how optically excited nanocrystals relax to emit
photons, similar experiments are not possible with a
gamma-ray source, since its spontaneous emission can-
not be synchronized to a detector. However, an ultrafast,
short-pulse electron gun can act as a synchronizable
surrogate for a gamma-ray source, allowing the type

of time-resolved measurements needed to understand
how electrons are converted into photons. In this work,
we build just such an electron gun, and use it to per-
form transient cathodoluminescence experiments that
will elucidate both favorable and undesirable relaxation
pathways during electron-to-photon conversion in nano-
materials. Further, this insight will provide feedback to
synthetic efforts aimed at producing high performance
energy-resolving gamma-ray scintillators that are oper-
able at room temperature.

Benefit to National Security Missions

Energy resolving gamma-ray detectors are vital to nucle-
ar nonproliferation and security as these devices impair
material diversion and movement/smuggling of fissile
materials. Semiconductor nanocrystals are recognized
candidates for application as highly fieldable, high-ener-
gy resolution, scalable scintillators. This project aims to
determine the extent of their utility for this purpose and
thereby aid in threat reduction. Low-cost detectors may
also contribute to managing nuclear materials in the
weapons complex.

Progress

As described in the technical description, this project
consists of three main tasks: 1) establish a transient
cathodoluminescence capability with adequate time
resolution (on order 10 picoseconds) and reproducible
operation at controllable pulse intensities (i.e. current)
and voltages; 2) perform studies of known nanocrystal
materials, such as cadmium selenide/zinc sulfide core/
shell nanocrystals, to produce a database of spectral
signatures corresponding to known excitation states of
semiconductor nanocrystals and inform the design of
enhanced materials; and 3) development of new nano-
crystals and/or composites with enhanced cathodolumi-
nescence efficiency, applying continuous feedback from
ongoing cathodoluminescence studies. A simplistic sum-
mation of our schedule expectations would roughly be
that each task would take approximately one year of the
three year project lifetime. Thus, at the end of year two,
we should expect to have established the instrumental
capability, performed a baseline survey of CdSe/ZnS
nanocrystals of a range of sizes, and to have developed
the mathematical analysis techniques required to turn
the raw data into conclusions regarding the relaxation
process in these nanocrystals that we will soon use to
identify the next candidate material system for study. As
will be described in more detail below, this is exactly the
case.

In the first quarter of FY11, we designed and construct-
ed a new electron gun, featuring nested electron optics
for full exclusion of stray external fields (Figure 1a). It
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was successfully mounted in the instrument chamber, was
fired up, and was shown to work extremely well, capable
of producing a tightly focused beam of electron pulses

(~1 mm spot size, Figure 1b) controllable in intensity from
5-150 picoamps, and at voltages from ~8 to 21 kilovolts. In
the second quarter of FY11, we focused on optimization of
the luminescence collection pathway, using a simple drop-
cast film of cadmium selenide/zinc sulfide core/shell nano-
crystals to produce enough cathodoluminescence signal to
couple the instrument to a Hamamatsu streak camera for
collection of time- and spectrally-resolved emission. The
optimization of the collection pathway and synchroniza-
tion were far from trivial, but as of March, the instrument
has been reliably producing beautiful streak camera traces
of nanocrystal emission produced by electrons. Further
analysis has brought to our attention a number of subtle
yet extremely important details about the operation of this
streak camera, including how to avoid saturation effects
from the instrumental gain, and how to account for the ef-
fect of the reverse sweep of the oscillating streak bias.

(b)

Figure 1. (a) The newly constructed electron gun, featuring
nested optics for elimination of stray fields. A ~50 fs pulse
of 266 nm light excites the photocathode from the back,
and the resulting electrons are accelerated, collimated and
directed onto the sample in the main chamber. (b) The elec-
tron beam makes a bright blue spot on a phosphor screen
in the sample holder. The view is partially blocked by newly
installed emission collection optics.

While our appreciation of the complexities of the instru-
ment was still evolving, the third quarter of FY11 was de-
voted to collection of a database of cathodoluminescence
traces from a size-diverse series of cadmium selenide/
zinc sulfide (CdSe/ZnS) core/shell nanocrystals. In paral-
lel, we collected time-resolved photoluminescence on the
same exact samples, which provide a vital starting point
for analysis of features found in the more complex cathod-
oluminescence traces. A comparison of the two is shown
in Figure 2. At this point, we can confidently say that the
quality of the data between the two experiments is com-
pletely equivalent, which is a significant achievement in its
own right. As of now, we have full data sets for four differ-
ent sizes of CdSe/ZnS nanocrystals, emitting from 530 to
665 nm.
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Figure 2. (a-c) Time-resolved photoluminescence for a
sample of CdSe/ZnS nanocrystals emitting at 630 nm. In
(a), only single-exciton dynamics are observed. As power is
increased (b), a faster biexciton peak emerges at the same
energy. Finally, at very high powers (c), a very fast triexci-
ton peak is seen at shorter wavelengths. (d) A cathodolu-
minescence trace of the same sample shows strong contri-
butions from the multiexciton states. When these contribu-
tions are deconvolved, hints of charged “trion” emission
emerge.

Through careful analysis over the final quarter of FY11, we
have both fully characterized the time resolution of our
instrument, and developed the methodology for identify-
ing and deconvolving the contributions of several types of
excited states to the cathodoluminescence decay traces.

A side-by-side comparison of traces recorded at several
beam currents revealed that decay lifetimes associated
with a given size of nanocrystal showed no dependence on
the beam current, as expected (Figure 3a). However, the
apparent rise-time of the signal depended strongly on the
current, but not at all on the size of the nanocrystals. Effec-
tive pulse widths were extracted from the rise times mea-
sured for a range of currents and sizes. When plotted to-
gether, the dependence of the pulse widths on current be-
comes clear (Figure 3b). Extrapolating to O current, we see
that our nominal response time for cathodoluminescence
is 9 ps, which compares favorably to the measurements
using the streak camera with laser excitation (~6 ps). We
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believe that the additional rise stems from a combination
of Coulombic pulse spread and possible bulk charging ef-
fects within the film itself during measurements. Ongoing
experiments are aimed at minimizing the importance of
these effects.

@’ ON 1
A m(lt:IS(e,.er!S 630nm 12pA aw] T= 9+/- 2 ps /E i &
2 1 (M 27pA | = e
o i = 04 -
3 7 i = A
o [ = L
£ 2 f-'j / ' nxi/
s 1 FRS
[ 2 7%
®
o 0

. . = e
800 0 20 4 6 B 100 120 140
Current (pA)

20%alay |{|::s‘;(m|
Figure 3. (a) Although rise time slows with increasing cur-
rent, the decay lifetimes of a single nanocrystal sample

do not vary, and are superimposable at later times. (b)

An analysis of the effect of current on lifetime for several
nanocrystal sizes reveals a consistent trend that implies

an instrument response time of only 9 ps, which is further
broadened by pulse effects that can be processed out after
the measurement.

At the present time, we are using the rise-time measure-
ments and laser-based photoluminescence experiments to
deconvolve the chief features in our cathodluminescence
traces. Preliminarily, we report contributions from a range
of excited states, including single exciton, biexciton and
tri- and higher multi-exciton states (these last states be-
ing indistinguishable by our method). In addition, we have
evidence of a substantial signal from charged nanocrystal
states, i.e., excited states with an imbalance in electrons
and holes resulting in a net charge on the nanocrystal, the
simplest being a “trion” (two electrons and one hole). Cur-
rently, we are refining a model for inferring the fraction of
charged nanocrystals in the whole population.

Future Work

The exact fraction of nanocrystals that are charged by the
initial high-energy excitation is the subject of current anal-
ysis. However, it is fairly clear that it is significant. Since
multiple states with a charge imbalance decay by radiative
recombination (slow) and non-radiative Auger recombina-
tion (fast) to eventually produce non-emissive ground-
state charged nanocrystals, this result yields a possible
reason why nanocrystal-based scintillators have underper-
formed. This suggests two new immediate goals. The first
is to show that the electron excitation method we employ
does not preferentially result in more charged nanocrystals
than would be produced by a gamma-ray of similar energy.
This will be the subject of near term studies based on vary-
ing the sample form factor, by which we hope to modify
the ability of potentially excess charges to be captured by
or flow out of the sample. The second is to study nanocrys-
tals or composites that should exhibit modified charging
probability (that is, materials that are easier or harder to
ionize). Intentional manipulation of the fraction of charged

nanocrystals would be the first step towards true optimiza-
tion of the gamma-to-photon transduction process.

Conclusion

Now that we have optimized and benchmarked the perfor-
mance of our cathodoluminescence instrument, we have
been able to collect the first substantial set of decay traces
on a size series of CdSe/ZnS NCs, which is the material sys-
tem most studied for gamma scintillation. In conjunction
with photoluminescence studies, we have been able to
identify the contributions of a number of familiar excited
states to the decay dynamics. Most surprising so far is the
not-insignificant presence of charged nanocrystals. While
more complete and quantitative analysis is under way, this
observation already suggests the next logical steps for our
studies, which will focus on the determining the source
and possibly manipulating the fraction of charged states.

If this turns out to be the dominant factor in the perfor-
mance of semiconductor nanocrystals as gamma scintil-
lators, our study will be the first ever to suggest an active
pathway toward realizing the latent potential of these ma-
terials. This could very well reinvigorate worldwide efforts
in developing cheap, rugged replacements for single-crys-
tal scintillators based on this fascinating class of materials.
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Introduction

Superconductivity is an important technology for a vari-
ety of applications including energy transmission, energy
storage, and sensor design. The discovery of supercon-
ductivity in the iron-arsenide materials roughly one year
ago has set off a flurry of international activity. These su-
perconductors are more metallic and isotropic than their
cuprate counterparts and show great promise for future
energy applications. In addition, the similarity of the
phase diagrams of the iron-arsenides and the high tem-
perature cuprates, in which an antiferromagnetic state in
the parent compound is suppressed with charged doping
giving rise to a dome of superconductivity, suggests that
these new superconductors may help finally unlock the
secret pairing mechanism for generating such high tran-
sition temperatures (e.g Tc=55 K in SmFeAs(O,F)).

However, some striking differences between the phase
diagrams are now emerging. Isoelectronic substitutions
and pressure studies on the iron-arsenides demonstrate
that strain and disorder are also equally effective at sup-
pressing the antiferromagnetic state and inducing su-
perconductivity. In the cuprates, pure disorder (without
changing carrier concentration) is always detrimental
for superconductivity. This then begs the question as

to what is the interplay between local structure, mag-
netism, and superconductivity that allows disorder

and strain to promote superconductivity in the iron-ar-
senides. Our novel approach, which combines the mate-
rials synthesis capabilities in MPA-10 in bulk single crys-
tals and thin films in MPA-STC, will determine how strain
and disorder affects the local atomic structure in the
iron-arsenide planes to suppress the antiferromagnetic
order and induce superconductivity in this new family of
superconductors.

Benefit to National Security Missions

The understanding of the role of disorder and strain in
generating superconductivity in the new iron-arsenide
superconductors ties directly into the central theme of
LANL's Materials Grand Challenge of emergent phenom-
ena. The novel approach described herein for inducing
disorder and strain into these superconductors in a pre-

cisely controlled manner may lead to new ways to en-
hance their superconducting properties. Furthermore,
since these three-dimensional superconductors show
promise for superior energy-transmission performance
over their anisotropic cuprate counterparts, the knowl-
edge (and subsequent possible control) gained through
the success of this project ties in well with the Lab’s long-
term energy security strategy.

Progress

We have made progress on two main tasks in our project
aimed at understanding how strain and disorder affect
the properties of the new iron-pnictide superconductors
that lead to superconductivity, and to probe the nature
of the superconducting state. This progress is evidenced
by the consistently large number of publications in
peer-reviewed journals, including the eight submitted

or published this year, and the large number of citations
(46) over a span of 15 months. The nature of supercon-
ductivity in these iron-pnictide materials including the
pairing mechanism and the symmetry of the supercon-
ducting order parameter—both fundamentally impor-
tant quantities for understanding any new superconduc-
tor--remains unclear despite intense experimental and
theoretical efforts. We have made an exciting discovery
in the compound CaFe2As2 that describes in detail the
interactions that contribute to superconductivity in these
new iron-pnictide materials. We used angle resolved
photoemission spectroscopy to make direct measure-
ments of the electronic structure and Fermi surface of
the untwinned uniaxial state of CaFe2As2, which under-
goes a simultaneous structural phase transition from a
tetragonal to an orthorhombic structure, and a magnetic
transition to an antiferromagnetic state. In collaboration
with Daniel Dessau (University of Colorado, Boulder),
we observe differences in the Fermi surface geometries
along the orthogonal Fe-Fe bond directions, consistent
with the development of an exotic type of charge order,
indicating that there are a number of competing inter-
actions (e.g., magnetic, structural, charge order that
influence superconductivity in the iron-pnictide materi-
als. Furthermore, the doping dependence of this order
extrapolates to a possible quantum critical point of the
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disappearance of this order at doping levels corresponding
to the heavily overdoped regime of these materials, where
superconductivity exists in the absence of magnetic/charge
ordering. Thus, our results provide information about
subtle structural and electronic effects that may cause the
superconductivity. The results have been submitted for
publication in the Proceedings of the National Academy of
Sciences [1].

We address the nature of superconductivity through inves-
tigation of the low-temperature heat capacity. By analyzing
the temperature dependence of this physical quantity, we
gain information about the symmetry of the superconduct-
ing order parameter, which allows us to speculate on the
origin of superconductivity in these exciting materials.

We have measured the superconducting properties of an-
nealed Ba(Fel-xCox)2As2 samples and find that annealing
significantly improves some superconducting characteris-
tics. We found that annealing Ba(Fe1-xCox)2As2 increases
Tc by up to 20% [2,3] and we are currently investigating
the origin of this increase in collaboration with Dr. Sefat

at Oak Ridge National Laboratory, which may be related

to subtle local structure changes in the FeAs plane. The
higher purity annealed samples allows for a more conclu-
sive determination of the superconducting gap symmetry
of Ba(Fel-xCox)2As2 and in collaboration with . Vekhter at
University of Louisiana, we find fully gapped behavior for
optimally doped Ba(Fel-xCox)2As2 and a possible nodal
gap for under and optimally-doped materials [4,5]. The
difference of sample quality offers a natural explanation
for the variation in low-temperature power laws observed
by many techniques. We also made heat capacity measure-
ments on Ba(Fel-xCox)2As2 in very high magnetic fields to
determine the pairing symmetry of the superconducting
state [6]. This work shows that the measured behavior of
the specific heat as a function of field up to the upper criti-
cal field Hc2=30 T obeys C/T = HA0.7, similar to the Volovik
effect for nodal superconductors. This indicates that there
are two superconducting bands, one with line nodes and
one fully gapped in these materials. In addition, we inves-
tigated the superconducting order parameter symmetry

in SrNi2P2 [7], and BaNi2P2 [8]. These results allow us to
conclude that fully gapped superconductivity is likely to be
a universal feature of Ni-based pnictide superconductors.

We have grown thin films of Ba(Fel-xCox)2As2 in col-
laboration with Professor Xiaoxing Xi at Temple University.
These Ba(Fel-xCox)2As2 films have planar defects within
the ab-plane of the tetragonal structure (Figure 1). This
result may provide clues as to the type of disorder (and
strain) that may be beneficial to superconductivity in
these iron-pnictide materials. Furthermore, experiments
are planned to probe the critical current density of the
Ba(Fel-xCox)2As2 films grown on different substrates to
see if planar defects and different amounts of disorder
may enhance the superconducting properties, which may
be favorable for future energy applications. For example,
Ba(Fel-xCox)2As2 epitaxial thin films fabricated on a piezo-

electric PMN-PT substrate allow direct investigation of the
effects of strain in the iron-arsenic layer on superconduc-
tivity.

Figure 1. Thin film growth of superconducting
Ba(Fe0.91C00.09)2As2 in collaboration with Prof. Xi at
Temple University showing planar defects within the tet-
ragonal crystal structure of this material.

Future Work

Our novel approach, which combines materials syn-

thesis capabilities in bulk single crystals and thin films,

will determine how strain and disorder affects the local
atomic structure in the iron-arsenide planes to suppress
the antiferromagnetic order and induce superconductiv-
ity in this new family of superconductors. This approach
demands that we accurately control both the applied
strain, which we will accomplish through the synthesis

of epitaxial thin films of the iron-arsenide materials on
both lattice mis-matched substrates and on appropri-

ate piezo-electric “substrates”, and the induced disorder,
which we will achieve through isoelectronic substitution

in single-crystalline AFe2As2 (A=Ca, Sr, Ba), such as replac-
ing ruthenium for iron in CaFe2As2. Carefully selected
measurements on these bulk and thin film samples will
provide essential information about the symmetry of the
superconducting order parameter—currently one of the
most outstanding issues in these materials. The combina-
tion of charge-sensitive, x-ray absorption spectroscopy and
spin-sensitive nuclear magnetic resonance local structure
probes will delineate how the induced changes in the local
Fe or As environment alter the spin density wave order and
accompanying superconductivity that will be a critical test
of existing and future theories. In addition, the synthesis
of these materials will enable several studies of the super-
conducting order parameter in real and momentum space,
which are critical guides for determining the mechanism of
superconductivity for any material.

Conclusion

Our discoveries will uncover synthetic design principles
that offer new routes to enhancing the already high tran-
sition temperatures in the new iron-arsenide supercon-
ductors and make them even more attractive for energy
applications. At this crucial time when the scientific com-
munity is intensely exploring these materials, this novel
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approach provides an exceptional opportunity to make
a large impact that would propel LANL to the top of this
ever-growing field.
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Introduction

This project outlines innovative directions in actinide
chemistry that support the Lab’s mission in Energy Secu-
rity. The primary focus is to determine whether actinides
can be used to efficiently catalyze the breakdown of
petroleum into more useful component materials. In
addition, this work will provide basic understanding of
the chemistry of these reactions that may lead to ever
improved approaches to efficient transformation of raw
carbon-rich materials into starting materials for fuel and
polymer synthesis. Results from our group demonstrate
that thorium and uranium alkyl and aryl complexes show
extraordinary behavior towards aromatic N-heterocy-
cles, which are some of the most recalcitrant contami-
nants in fossil fuel feedstocks. The current effort takes
advantage of the ability of actinides to engage in C-N
cleavage and dearomatization chemistry with multiple
N-heterocycle substrates per metal. These transforma-
tions represent new reactivity behavior for pyridine ring
systems which have not been observed for transition
metal or lanthanide complexes. This project will not only
improve our fundamental understanding of key steps

in hydrodenitrogenation (HDN) processes (such as C-N
bond cleavage and dearomatization) but will also assess
whether milder conditions than those currently used
are viable. If the actinide compounds examined in this
work prove to be catalysts for this industrially important
process, patent applications will be pursued. This tech-
nology capitalizes on LANL's core capability in actinide
science and offers to provide much needed insight into
directions for the development of new HDN catalysts,
which is a technological and cost-prohibitive gap that

is currently limiting the U.S. from exploring the use of
lower-quality petroleum feedstocks while transitioning
from energy derived from fossil fuels.

Benefit to National Security Missions

These proposed studies relate directly to the Lab’s
mission in Energy Security by providing much-needed
insight into directions for the development of new hy-
drodenitrogenation (HDN) catalysts. What is learned
from HDN studies will be, by extension, applicable to
HDO (oxygen removal) and HDS (sulfur removal) process-

es. Furthermore, understanding the chemistry between
actinides and N-heterocycles finds application in the
country’s nuclear energy future as well as nonprolifera-
tion issues since poly(vinylpyridine)-based Reillex-HPQ
resin is used in separation columns for actinide process-
ing at TA-55 and elsewhere in the world.

Progress

Over the past year, we have explored both theoreti-
cally and experimentally the ability of the thorium and
uranium benzyne complexes, (C.Me,),Th(C.H,) (3) and
(C,Me,),U(C.H,) (4), respectively, to cleave strong C-N,
C-S and C-0O bonds in substrates that are commonly
found in crude petroleum and are the most difficult to
process (i.e. break apart and remove during the refining
process).

As shown in Scheme 1, the thorium and uranium ben-
zyne complexes (C,Me,),An(C.H,) (An =Th (3), U (4)) are
prepared from benzene (C_H ) elimination from their di-
phenyl precursors (C.Me,),An(C.H,), (An =Th (1), U (2)).
For uranium, this reaction takes place at room tempera-
ture, but for thorium significantly higher temperatures
are required (~110 °C). Initially, we spent time focusing
on the nitrogen-containing heterocycles since the theo-
retical calculations for the reaction chemistry gave prom-
ising results, with C-N cleavage being thermodynamically
favorable to give the actinide ketimido complexes 5 and
6. However, experimentally we discovered that both of
the actinide benzyne complexes react preferentially with
the C-H bonds on pyridine compounds to give the n?-
pyridyl complexes (C.Me,),An(CH.)(NCH,) (An =Th (3),
U (4)); no C-N cleavage is observed.

A completely different story was encountered with sul-
fur-containing compounds. We discovered distinct and
unprecedented reaction chemistry between the thorium
benzyne complex (C.Me,),Th(CH,) (3) and thiophene.
As illustrated in Figure 1, we proposed that the reaction
between the thorium and uranium benzyne complexes
(C,Me,),An(CH,) (An =Th (3), U (4)) and thiophene
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would result in C-S cleavage to yield the thorium and urani-
um thiolate complex 9 and 10, respectively. However, our
experimental results determined that this pathway is not
favored. Instead, reaction with the thorium benzyne com-
plex 3 at 110 °C gives a deep red colored solution, which

is unusual since thorium complexes are typically colorless.
Workup yields the remarkable thorium bimetallic complex
11 in which two thiophene molecules have undergone C-S
cleavage and subsequent C-C coupling. There are no ex-
amples of this type of chemistry with either the transition
metals or the lanthanide metals. We think the same chem-
istry is taking place with uranium at room temperature,
but we need to obtain a crystal structure to be certain.

Also, during this past year, the thorium chemistry that we
developed last year to convert waste thorium nitrate to
useful thorium tetrachloride was acknowledged by a 2011
LANL Pollution Prevention Award (Making Peace with Tho-
rium) and was selected by TT to be a 2011 LANL R&D 100
Award submission (ThING - Thorium is Now Green).
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Figure 1. Synthetic scheme illustrating the reaction
chemistry of thorium and uranium benzyne complexes
(C.Me )2An(C,H,) (An =Th (3), U (4)) with pyridine and
thiophene

Future Work

In general, the chemistry between actinides and sulfur-
containing compounds is poorly developed. This is primar-
ily due to the belief that little chemistry will be observed
because sulfur is a “soft” donor and actinides are “hard”
metals. Clearly, our current results will change the way
the field thinks about hydrodesulurization (HDS) tech-
nology and will open up a new area of actinide science.
Moreover, the sulfur chemistry we discovered this past

year provides a new model for desulfurization and HDS. It
would be interesting to see if we can make this chemistry
catalytic, by placing the dimer complex 11 under an atmo-
sphere of hydrogen. This would cleave the Th-S bonds and
replace them with Th-H bonds. Since hydrides are masked
alkyl complexes, they should display similar behavior with
thiophene and give a catalytic cycle. Of course, in this final
year, we will also write up and publish our results.

Conclusion

This effort offers to provide much needed insight into di-
rections for the development of new HDN catalysts, which
is a technological and cost-prohibitive gap that is currently
limiting the U.S. from exploring the use of lower-quality
petroleum feedstocks while transitioning from energy de-
rived from fossil fuels..
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Introduction

The ability to quantitatively characterize and interpret
both mineralogical and chemical compositions from
complex geological samples is an enormous challenge
for planetary exploration. The most informative distinc-
tions between terrestrial, lunar, Martian, Venusian, and
asteroidal geochemistry are extracted from subtle dif-
ferences and require sophisticated analysis. Remote Ra-
man and Laser Induced Breakdown Spectroscopy (LIBS)
developed at Los Alamos National Laboratory (LANL) for
NASA are exciting new geochemistry tools which were
R&D100 prize winners in 2003. Raman spectroscopy is
fundamentally sensitive to molecular structure while
LIBS primarily determines elemental compositions. We
have demonstrated that one can use an integrated re-
mote Raman-LIBS instrument for planetary geological
exploration.

Recently, seminal work demonstrated new data calibra-
tion techniques that extract greatly improved chemical
and mineral accuracies from these two analytical tech-
niques. In this project, combined LIBS-Raman analysis of
planetary analog samples are providing new understand-
ing of surface chemistry of lunar samples and small-scale
analyses of carbon-rich asteroidal materials. We are also
synthesizing planetary analog samples of ice-bearing
lunar polar deposits and analog Venusian rocks. The
current critical need is to explore geological analogs

for Venus, lunar, and asteroidal samples and identify

the relevant geochemical parameters detected from a
Raman-LIBS instrument. This entails investigating vola-
tile elements such as hydrogen, carbon, nitrogen, and
oxygen, which are highly important to planetary science,
but which more traditional planetary instruments are
not capable of analyzing.

Benefit to National Security Missions

The LIBS and Raman spectroscopy techniques being
extensively used and tested in this project have very
wide applicability to many of the lab’s and DOE’s mis-
sions. They are used for nuclear detection (i.e., uranium
isotopes), explosives detection, chem-bio detection,
detection of environmental hazards such as Pb or Be in

soils, carbon sequestration studies, production of silicon
wafers for solar arrays, as well as for NASA space explo-
ration. Techniques for determining detection limits and

guantitative elemental compositions in this LDRD study

can be directly applied to the LIBS and Raman core pro-
grams at LANL.

Progress

So far we have studied both lunar and Venusian analog
samples. The third area, astroidal materials, will be the
subject of work in the coming year.

Lunar studies: Lunar simulant JSC-1 has been analyzed
by LIBS in vacuum to understand the accuracies, preci-
sions, and detection limits for a number of elements of
interest to lunar exploration. We measured for the first
time the absolute irradiances of a number of LIBS emis-
sion lines under vacuum and studied the detection limits
using three different typical methods. Major elements
(Si, Al, Fe, Ca, Na, K, Ti, O) have relative errors of ~20% or
below. The following minor and trace elements were ob-
served: Li, K, Co, Ni, Sr, Ba, and Zr, with negative detec-
tionfor F, P, S, Cl, V, Cr, Zn, Rb, La, Ce, Th, U. The ability
to distinguish between different types of lunar soils was
investigated. Differentiation between lunar feldspathic
highlands samples and mare basalts can easily be done
on the basis of Al and Fe compositions, while Mg can be
used to identify Mg-rich lunar samples. The alkalis can
be used to identify KREEP (K, Rare-Earth Enriched, and
Phosphorous) provenances. Additionally, Ni can distin-
guish meteoritic material from lunar soils.

To investigate the advantages of LIBS for volatile ele-
ments we mixed JSC-1 simulant with water ice and
studied the detection of hydrogen in vacuum, showing
for the first time that water is very easily seen. This is
particularly important in light of recent detection of hy-
drogen from orbit at high lunar latitude but outside of
permanently shadowed craters. This opens up a broad
range of possible lunar reservoirs for H, OH, and H20.

We presented results at two conferences and in May
we submitted a full paper to the Journal of Geophysical
Research, Planets. The paper is now accepted, pending
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two minor revisions [3]. We hope to revisit and refine our
understanding of LIBS capabilities for volatiles (H, C, Zn, V,
Pb, and cold-trapped volatile compounds) next year after

installing a replica of the ChemCam instrument, which has
significantly higher sensitivity.

Venus studies: A concentrated effort was dedicated to
studying Venus analog materials using both LIBS and Ra-
man spectroscopy under Venus pressure (92 bars) and
temperature (740 K), with some studies also done at Venus
pressure but at 423 K. The latter conditions are at signifi-
cantly higher gas density than on Venus, resulting in some
sense in a more stringent environment for LIBS, for which
temperature has essentially no effect. Much of the experi-
mental work was done at LANL and the U. HI, while the
highest-temperature experiments were done at JPL to take
advantage of their Venus temperature and pressure (VTP)
facility. This is the first instance of either Raman spectros-
copy or LIBS analyses at VTP. In a nutshell, remote pulsed-
laser Raman spectroscopy is unaffected by the pressure
and is largely unaffected by the temperature except as it
alters mineral phases (e.g., dehydration, and alteration

of some low-temperature phases). LIBS is clearly feasible
at VTP. The high pressure results in strong Bremstrahlung
backgrounds which can be overcome through time-gating
of the emission to 1 microsecond or shorter, some broad-
ening of the peaks, and more frequent self-adsorption.
Other effects were studied: suspension of LIBS-generated
dust above the samples and atmospheric turbulence. Nei-
ther of these are expected to pose a risk to performing
analyses on Venus. Samples studied include basalt and an-
desite standards, olivine minette, carbonatite, granite, and
mixtures in which anhydrite, labradorite, quartz, and oliv-
ine were incorporated as small fractions in a glass matrix to
test detection limits. For most of these, Raman detection
was demonstrated down to 1 vol%. For LIBS a calibration
model was produced using sixteen standards and the fol-
lowing RMS accuracies were demonstrated: SiO2 £6%,
Fe203 +3.5%, CaO +£3%, MgO £2.4%, Al203 £1.7%. These
are compared to typical basalt abundances of 45% SiO2
and roughly 10% each of Fe203, CaO, MgO, and Al203.
These results confirm for the first time that measurements
made on Venus with a similar instrument would provide
vast improvements in accuracy over the previous Venusian
measurements and would be able to distinguish between
different potential types of volcanism on our sister planet.

Two papers have been published on the Raman spectros-
copy results under Venus conditions [1,2]. We are currently
preparing to submit a full paper for publication on the LIBS
results under Venus conditions.

Future Work

In the final year of this project we plan to perform LIBS
analyses of various meteorites to learn more about LIBS
capabilities both as a tool for analyzing meteorites on
Earth and also to understand the capabilities of a LIBS
instrument on a future mission to explore an asteroid. To

that end, we have obtained, on loan from the University of
New Mexico, samples of the following meteorite classes:
H, L, and LL ordinary chondrite, enstatite chondrite, car-
bonaceous chondrite, eucrite, aubrite, mesosiderite,
pallasite, octahedrite, and a shergottite. The samples we
obtained have both interior surfaces and also surfaces with
weathering and with fusion crusts, so that we can study
the chemical weathering of these different classes of mete-
orites. We plan to use the ChemCam laboratory body unit
for these measurements, as it is far more sensitive than
the commercial spectrometers used previously. We will
analyze them with laboratory standards to enable quanti-
tative elemental analyses.

As a lower priority we will investigate obtaining pyroclastic
lunar glasses in order to study their volatiles. The Chem-
Cam lab unit should enable good detection limits for these
elements. Finally, the Venus analogue samples may be re-
visited with the ChemCam lab unit as well.

We are optimistic that this investment will position LANL
to lead the first US experiment to study the composition
of the Venus surface materials, and will lead to additional
opportunities to deploy LIBS in other parts of the solar sys-
tem. This work should also provide significant benefits to
core LANL programs that use LIBS and Raman spectrosco-
pies in other areas.

Conclusion

In terms of space instrumentation, the power and impor-
tance of remote analytical capability for both mineralogy
and chemistry provided by a combined LIBS-Raman in-
strument cannot be overstated; competing methods that
require drill or scoop sampling with ingestion into a rover
analytical module are fraught with high complexity, cost,
and risk. The scientific results from these studies are very
important in their own right, but they will also position
LANL to provide our LIBS-Raman technology for missions
to the Moon and to Venus.
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Introduction

To meet the earth’s future energy needs, the efficiency
of solar energy harvesting must be increased and the
cost decreased. This requires new approaches which

go beyond simply re-engineering currently established
methods. One of the greatest, but least-explored, op-
portunities for enhancing the light-to-electric conver-
sion process is to exploit energy transfer concepts made
possible by nanoscale materials design. The objective
of this project is to discover and determine the underly-
ing scientific issues required to implement an enhanced
light harvesting approach for electrical energy genera-
tion based on composite one dimensional nanowire
structures. Nanoscale materials offer opportunities to
achieve materials properties not possible in bulk ma-
terials. The project will use a new approach to solar

cell design using one-dimensional materials, where the
light absorption and charge collection constraints are
decoupled. Vertical nanowire arrays provide strong dif-
fuse scattering, resulting in nearly 100% light absorption
in the vertical direction within a shallow depth over a
broad wavelength region. This enables highly efficient
charge carrier generation in the semiconducting wires.
Radial p-i-n junctions in the nanowires provide strong lo-
cal electric fields for highly efficient carrier separation in
the lateral direction. Contacts to the nanowire core and
shell then provide carrier collection from the wires. The
key concept derives from the one-dimensional design
of these structures—in essence light absorption is con-
trolled by the vertical direction and charge separation by
the lateral direction. In addition, and of critical impor-
tance, these nanoscale materials are produced by low
cost chemical vapor deposition techniques that are suit-
able for large scale manufacturing and do not require
single crystal silicon substrates.

Benefit to National Security Missions

This project addresses fundamental challenges in imple-
menting low-cost solar cell concepts and is directly rel-
evant to the DOE energy security mission. The objective
is to achieve crystalline solar cell efficiencies at the low
cost of thin film approaches. The proposed transforma-
tional science will develop composite nanoscale materi-

als concepts that will enable decoupling of photon and
electron collection. This coupling currently limits silicon
solar cell design. These concepts are also important to
the remote sensing and threat reduction areas, for ex-
ample in developing new approaches to highly sensitive,
near infrared sensing.

Progress

Our key achievements in this project are: (i) develop-
ment of top down processes for the fabrication of ver-
tically-aligned Si nanowires over large areas on thin (for
optical absorption measurements) and thick (for device
fabrication) Si substrates; (ii) the observation of remark-
ably enhanced optical absorption in Si nanopillar arrays
compared to planar bulk Si and its dependence on nano-
pillar dimensions and spacing, (iii) the epitaxial growth
of single crystalline doped Si shells for radial nanowire
solar cell and measuring its preliminary electrical char-
acteristics, and (iv) performing scanning photocurrent
microscopy (SPCM) to measure effective minority carrier
diffusion lengths in single nanowire devices.

For a rigorous understanding of the optical properties
and electronic characteristics of nanowire solar cells,
we performed systematic experiments in each of the
areas cited above. Our approach was to fabricate large
nanowire arrays as model structures for in-depth syn-
thesis, optical and device physics studies. We have used
deep inductive coupled plasma (ICP) etching in a process
known as Bosch etch to obtain precisely controlled ar-
rays of nanowires with diameters in the range of 200
nm — 1000 nm and lengths of 2 — 10 micrometers. To
eliminate the effect of the underlying Si substrate on
the optical properties, we developed a fabrication pro-
cess to etch these structures on thin (50 micrometer
starting thickness) Si substrates and performed optical
absorption measurements on nanowires with different
diameters, lengths and spacings. Nanowires with ~ 500
nm diameter, 10 micrometers length, and 750 nm to 1
micrometer spacing showed the best results with an en-
hanced optical absorption compared to bulk Si through-
out the solar spectrum of up to 60% at the longest wave
wavelengths (1100 nm), validating that the optical thick-
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ness of the material required for full absorption of light is
much lower with Si nanowires compared to bulk Si.

We have developed processes for the radial growth of
doped Si to achieve radial p-n junction nanowires for solar
cell studies. By using a sequence of oxidation/etching of
the damaged etched nanopillar surface, we were able to
smooth the nanowires and achieve epitaxial-growth-ready
surfaces. We then developed methods to grow doped

and undoped shells with controlled interfaces and doping
densities. These results contrast to popular approaches

in the literature which mostly rely on thermally diffusing
dopants into the nanowires to obtain radial junctions, and
which because of their graded junctions are of inferior
quality as well as difficult to control. Subsequently, these
radial p-n junction structures were used to fabricate solar
cells by depositing metal electrodes around the nanopillar
array for contacting the top most deposited layer and on
the back of the substrate for contacting the substrate and
extracting carriers from nanowire cores. Initial electrical
measurements have demonstrated rectifying behavior. We
have further found that the formation of a thin oxide layer
at the base of the nanowires significantly reduces leakage
currents in these structures, which appears to be due to
blocking defects in the region around the base of the Si
nanowires. We are currently optimizing the design of mesa
structures for detailed studies of the optoelectric response
of both arrays of nanowires and of single nanowires. These
model structures will enable the study of the charge collec-
tion in radial nanowire structures for the first time and al-
low us to decouple the optical and electrical effects in the
overall solar cell performance.

On the single nanowire level, we have performed con-
trolled growth of axial in-situ doped nanowire p-n junc-
tions and used these structures to fabricate two- and
four-terminal devices where ohmic behavior was observed
on individual n- and p- segments of the wire and rectifying
behavior was observed in between the p-n junction. Scan-
ning probe current microscopy measurements using a laser
microscope show an exponential decrease in the photocur-
rent as the laser light is scanned away from the depleted
region on either side of the metallurgical p-n junction. This
behavior was modeled and shown to provide the effective
minority electron and hole diffusion lengths, which were
found to be on the order of ~ 1 micrometer for electrons
and 700 micrometers for holes (for an 80 nm diameter
nanowire), with the expected temperature and bias depen-
dences. This is in contrast to bulk Si where minority carrier
diffusion lengths are strongly dependent on the doping
level, and highlights the importance of surface recombina-
tion in nanowires which have large surface area to volume
ratios. These effective minority carrier diffusion lengths
show among the highest figure of merit (diffusion length/
nanowire diameter) reported in the literature for nano-
wires to date, and demonstrate the high quality of our syn-
thesized Si nanowire materials. Current efforts in this area
concentrate on further surface passivation techniques and

characterization of surface and diameter effects to further
understand and enhance these effective carrier diffusion
lengths.

Future Work

The scientific issue we will address is to understand and
control photovoltaic performance in nanostructured mate-
rials with nanoscale variations in material composition and
electronic doping. To achieve these goals we must under-
stand one dimensional (1D) nanostructured materials de-
sign for strong, broad-band collection of light; understand
charge generation in 1D structures with unprecedented
electric field gradients; understand rapid charge separation
and recombination control under such nanoscale separa-
tion conditions; and determine the feasibility of efficient
radial single crystal nanowire solar cells. The fundamental
science to be developed will not only be relevant to energy
harvesting, but also to a wide range of 1D nanomaterials
electrical and optical applications. Such materials have at-
tracted great attention, but have received little scientific
study to understand how to extend and exploit these ben-
efits beyond this specific empirical example. Our plan for
the next year is to design and measure the electro-optic
properties of prototype cells consisting of single nanowire
vertical Si radial junction devices as well as nanowire array
devices. These studies, together with our modeling work,
will enable the decoupling of optical absorption and car-
rier collection contributions to the efficiency of these novel
solar cells. As a result we will achieve fundamental under-
standing of how to optimize the nanoscale architecture for
this new approach to solar energy collection.

Conclusion

This project will develop new understanding and control of
the photovoltaic performance in nanostructured materials
through variations in material composition and electronic
doping. Using silicon nanowires as our model system, we
will: 1) understand one dimensional nanostructured ma-
terials design for strong, broad-band absorption of light;
2) understand rapid charge separation and recombination
processes in nanoscale structures with large electric field
gradients; and 3) fabricate prototype solar cells to deter-
mine the feasibility of this approach for low cost, efficient
solar cells.
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Introduction

Today’s electronics industry is based on electron charge
transport in bulk (3D) or planar (2D) semiconductors.
However, there is a belief that by further exploiting the
fact that electrons have spin, semiconductor devices can
be made energy efficient (low power), smaller and thus
faster with versatile functionality, and this is the focus
of the rapidly growing field of “semiconductor spintron-
ics.” Concurrently, there is great interest in electronic
devices based on 1D nanowires, which hold promise for
unconventional device architectures allowed by their
unique dimensionality. Both fields—semiconductor spin-
tronics and 1D nanowires—are now sufficiently mature
to marry these ideas. Therefore this project will investi-
gate electron spin injection, transport, and detection in
semiconductor nanowires. This area holds great promise
for new advances in materials physics science and for a
new generation of low power and high speed electron-
ics, quantum information processing systems, and single
electron spintronic devices. This team is uniquely suited
to pursue this new direction and, to the best of our
knowledge, no spin injection, transport, and detection
measurements or analyses has been performed at the
time of the initiation of this project with semiconductor
nanowires.

Benefit to National Security Missions

This project is central to LANL's materials mission and
leadership in the subcategory of emergent phenomena,
which specifies the need for exploitation of nanostruc-
tures, quantum confinement and crystalline interfaces
to produce new properties and new functionalities in
designed materials. By manipulating electron spin in

a semiconductor, low power devices may be realized
with compact size for multi-functionality, and with high
speed and performance. Silicon nanowires will enable
significant advances through long mean free paths and
coherence times. Demonstration of spin electronics in Si
nanowires will generate worldwide attention and form a
robust platform for a nanoscale spintronics program at
LANL.

Progress

We have optimized material synthesis, device fabrica-
tion, measurement instrumentation improvements

and noise reduction, and have started collecting spin
transport data. To study the physics of spin injection,
transport, and detection in semiconductor nanowires,
we have pursued two approaches in forming the tunnel
barriers for spin filtering. The first approach utilizes an
atomic-layer deposited Aluminum Oxide barrier layer
whose thickness has been finely tuned between 6 — 10
Angstroms. This layer is applied to n-doped Si nanowires
grown by the vapor-liquid-solid growth technique in
our labs or to uniform and conformal n-doped Ge shells
on an undoped Ge nanowires. The second approach

for barrier formation is a new concept in spin devices
developed here at Los Alamos, in which a thin p-doped
shell layer deposited on the n-doped nanowire form a
depletion region (space charge region) and forms a tun-
neling barrier whose width and height can be controlled
by the doping and thickness of the deposited p-layer.
This approach will eliminate any associated surface state
problems that may arise in conventional oxide-barrier/
semiconductor interfaces.

Two-probe and four-probe measurements are used to
characterize the electrical doping, contact specific resis-
tivities to adjust the conductivity mismatch between the
nanowire and the metal lead for spin injection. Control-
ling these parameters is known from bulk materials stud-
ies to be of critical importance to spin injection. In our
controlled doped core-shell approach, the conductivity is
dominated by the uniformly doped shell leading to uni-
form resistivity throughout the nanowire length, which is
in contrast to what is typically published in the literature
where only a small segment of the nanowire is used as
the active device due to variation of doping throughout
the nanowire length. From transmission line measure-
ments, where the channel length is systematically varied
in order to extrapolate the device resistance to zero
channel length, we find a contact resistance of ~ 5 Kohm
for n-doped Ge shells, and ~ 2 Kohm for p-doped Ge
shells when contacted by a ferromagnetic cobalt contact.
We then infer an n-doping resistivity of ~ 1E-3 ohm-cm?2
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and specific contact resistivity of ~ 1E-6 ohm-cm. As such,
the contact specific resistivity needs to be increased by
100-1000 times in order to match that of the semiconduc-
tor and allow efficient spin filtering. Using thin doped Ge
shells, our initial efforts have led to an increase of 10X in
contact resistivity and further increase in the p-layer shell
thickness is expected to solve the conductivity mismatch
problem. On the other hand, for AlO, barrier layers on Si
nanowire, initial electrical measurements have shown that
the specific contact resistivity has increased by ~ 50 — 100
times, which is suitable for spin filtering.

Our measurement setup consists of a low temperature
electrical transport system for which the normal magnetic
field can be changed in order to perform Hanle and spin-
valve type measurements. We have built up a low tem-
perature spin transport measurement system, the mea-
surement sensitivity of which was demonstrated to be high
enough to resolve the spin signal in a standard Fe/GaAs
thin film device. Devices are being characterized at 4K for
the Hanle effect and this key measurement capability is

an area of current focused effort. Specifically our signal to
noise ratio is being further optimized in order to have the
sensitivity to resolve detailed spin effects in our nanowire
devices. Gaining high sensitivity in nanoscale systems has
proven to be a major challenge in the project due to noise
signals associated with these structures and we have made
significant progress in this area over the past year. We
have measured a large number of Si and Ge devices to es-
tablish the appropriate device parameters that give rise to
spin injection in semiconductor nanowires. We currently
have our first working devices as discussed below. Further
improvements in the stability of these devices and reduc-
tion in noise background are currently underway.

We have performed two-terminal and four- terminal
measurements on silicon nanowire devices with 0.5 nm
Al,O, barrier layers. Our preliminary results suggest spin-
valve-like effect in our devices. Figure 1 (a) shows a typical
four-terminal Si nanowire device. The contacts are 200 nm
cobalt capped with 30 nm gold. In the non-local spin-valve
measurement, the spin-polarized electrons are injected
into the nanowire from contact 3, diffuse towards contact
2 and are then sensed by a voltage drop, V,, between con-
tact 1 and 2. A magnetic field is applied in parallel with the
cobalt electrodes. As shown in Figure 1 (b), when the mag-
netic field is at ~ -1000 G, both contacts 2 and 3 are mag-
netized toward the negative direction. When the magnetic
field is increased to about 200 G, the magnetic moment in
contact 2 switches to positive direction, and hence is anti-
parallel to contact 3 and the electron spins in the silicon
channel, which gives rise to a sudden change of voltage
(_V,,). Further increasing the field to ~ 400 G and above,
both contacts 2 and 3 are now magnetized toward the
positive direction, and V, changes back to the initial value.
When the field is swept back from 1000 G to -1000G, a
similar change of V,__as a function of magnetic field is ob-
served. We are currently making and measuring new Si and

Ge nanowire devices to reproduce this spin-valve signal. By
studying the dependence of _V, on the distance between
contacts 2 and 3, we will be able to extract the electron
spin diffusion length. We will also perform Hanle-type of
measurements to investigate the electron spin dynamics

in nanowires, and obtain the spin relaxation time which is
an important parameter for spintronic applications. With
these advances we anticipate submitting a number of re-
sulting publications on doping control, contact resistance
optimization for spin injection, as well characteristic spin
transport parameters in semiconductor nanowires.
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Figure 1. (a) a scanning electron microscopy (SEM) image
of a four-terminal silicon nanowire device; (b) the non-local
spin-valve signal (V4T) as a function of magnetic field. The
two arrows denote the magnetic moments of contacst 2
and 3.

Future Work

The scientific challenge we will address is to understand
the injection, transport, and detection of electron spins in
semiconducting nanowires. A silicon nanowire contacted
with ferromagnetic metal contacts with a thin insulator in
between will allow tunneling to occur primarily for those
electrons in the ferromagnetic contact with the majority
spin. This approach will permit a spin polarized current to
flow into the nanowire. The spin current will be detected
by another ferromagnetic contact. By application of mag-
netic fields parallel and perpendicular to the plane of the
ferromagnetic contacts, the device resistance can be var-
ied, allowing representation of “on” and “off” states by
electron spins, rather than by the large currents typically
employed in semiconductors logic devices. This method
allows us to unambiguously detect spins and analyze spin
transport in semiconducting nanowires for the first time.
Our proposed work aims to: 1) investigate electron spin
injection, transport and detection in silicon or gernanium
nanowires as a function of temperature, electrical and
magnetic fields ; 2) establish the influence of nanowire
diameter, doping, and surface passivation on electron spin
dynamics; and 3) study spin transport in radial and axial
nanowire Si/Ge heterostructures and the new physics re-
sulting from strain, and band-structure modifications. Both
theoretical and experimental techniques will be employed
in this project.

Conclusion
This project will use experiment and theory to study the
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manipulation of spins in silicon nanowires grown by our
chemical vapor deposition method. Electron spin injection
and transport will be detected and quantified by magneto-
impedance, spin valve and Hanle effect techniques. The
influence of temperature, and electric and magnetic fields
will be measured. Effects of surface passivation and diam-
eter on spin transport in nanowires will be determined.

In addition, we will exploit our ability to synthesize Si/Ge
nanowire heterostructures to explore spin transport across
hetero-interfaces and to examine the effects of strain on
spin transport in radial heterostructures.
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Introduction

Semiconductor nanowires (SC-NWs) constitute “next-
generation” nanoscale building blocks for a range of
applications from nanoelectronics and photonics to
energy-harvesting. SC-NWs can be fabricated using
solution-phase methods that offer simplified process-
ing and scale-up, as well as almost unlimited choice of
materials systems from Group IlI-V to Groups IV, lI-VI,
IV-VI, and I-IlI-VI2 semiconductors. The solution-phase
methods, however, suffer from two fundamental flaws:
(1) lack of examples of patterned, vertical SC-NW growth
at surfaces and (2) limitations to growing complex axial
heterostructures. Overcoming these drawbacks would
move the field of solution-phase SC-NW fabrication for-
ward to the point that this approach could be realistically
considered for real-world applications. Therefore, our
overall research goal is to develop a novel solution-phase
SC-NW growth method that aims to address these limita-
tions. We call this new approach Flow-Solution-Liquid-
Solid (FSLS) growth.

Like conventional SLS, FSLS entails thermally decompos-
ing chemical precursors in the presence of molten metal
nanoparticle “catalysts” that promote the nucleation

and growth of the SC-NWs. Unlike SLS, FSLS will allow

us to introduce precursors into a reaction vessel by

way of a continuously supplied flow of carrier solution,
rather than all at once in a single injection. In this way,
unreacted precursor and by-products will be constantly
removed, approximately steady-state precursor concen-
trations will be maintained, and different precursors will
be able to be supplied in an alternating fashion. Further,
rather than utilizing “free-standing” metal nanoparticle
catalysts, FSLS will employ nanoparticles adhered to solid
substrates. The coupled ability to flow precursors past
bound catalyst particles will enable us to synthesize com-
plex axial heterostructures and fabricate SC-NW arrays.

Benefit to National Security Missions

The proposed work addresses two key LANL Materials:
Discovery Science to Strategic Applications Grand Chal-
lenge FY10 Priorities: Develop (1) the underlying materi-
als science, physics and chemistry to support materials

needs in energy efficiency and (2) intrinsic techniques to
control functionality with novel architectures resulting
from new synthesis, fabrication and processing concepts.
Further, it supports the Energy and Earth Systems Grand
Challenge FY10 Priority to develop transformational sci-
ence and technology that enables clean, efficient power
generation, addressing energy efficiency and security
mission areas.

Progress

Progress has been remarkable over the last 12 months
of the project. Having previously modified a commercial
microfluidic reactor for FSLS, we have now advanced this
novel technique to realize several of our original tech-
nical objectives, as well as to reveal new fundamental
mechanistic understanding of solution-phase SC-NW
growth. During recent months, we have moved far be-
yond our initial successful efforts to establish and dem-
onstrate FSLS as a new, controlled approach to solution-
phase SC-NW growth. Specifically, we have (1) achieved
our targeted synthesis of complex axial heterostructures
and (2) shown for the first time that SLS growth follows
the Gibbs-Thomson effect as previously described for
Vapor-Liquid-Solid grown SC-NWs.

Axially heterostructured growth

We have now shown that complex structures are en-
abled by our new approach. Here, we have fabricated
CdSe/ZnSe nanowires comprising up to 8 alternating seg-
ments (Figure 1). Previous literature efforts were limited
to 2-3 segments and required tedious purification steps
in between addition of each segment. In contrast, FSLS
allows sequential addition of precursors, where earlier
supplied precursors are naturally flushed from the sys-
tem that is under continuous flow. Depending on growth
conditions, segments are either pure-phase CdSe or
ZnSe, or CdZnSe alloys. Before extending to segmented
SC-NW growth, we conducted systematic, system-specif-
ic studies of the effects of precursor concentration, flow-
rate, anion-to-cation ratio, reaction temperature, and
bismuth film thickness (Bi films separate into nano-drop-
lets upon heating). Optimized conditions were then used
in the studies of axial heterostructuring, where reaction
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temperature and Bi film thickness were again varied. It was
found that higher temperatures, longer growth times and/
or thinner Bi films facilitated complete transition from one
composition to another, while lower temperatures, shorter
growth times, and/or thicker Bi films resulted in incom-
plete compositional transitions. Both abrupt and alloyed
interfaces were thus observed.
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Figure 1. a. STEM image (inset) of complex heterostruc-
tured NW comprise 8 segments of CdSe/ZnSe. EDX line scan
profile of the total length of NW showing the composition-
al changes switching between ZnSe and CdSe segments.
The compositional fluctuation of ZnSe segment could be
caused by the relatively slower growth rate of ZnSe, hence
competitive growth of CdSe during growth of ZnSe seg-
ment. b-d. Dependence of CdSe nanowire (NW) length on
the growth time. NWs were synthesized from 5 nm Bi layer
at 300 °C and constant flow rate of 0.2 mL/min. A 3D plot
(b) and contour map (c) of NW length as a function of NW
diameter and growth time. Gradient spectral color from
magenta to red represents the NW length scale. (d) Line
graph demonstrate an exponential increase of average NW
length as a function of growth time from 1-30 min. Aver-
age NW diameter are constant at different growth time.
Error bars represent standard deviation value.

New mechanistic understanding

We have shown for the first time that SLS growth follows
the Gibbs-Thomson relation between catalyst droplet size
and growth rate, where decreasing catalyst diameter leads
to a progressive reduction in supersaturation (ultimately
to zero) and suppression of growth (Figure 1b-d). Thus,
smaller Bi particles (here, thinner Bi films) should result in
slower SC-NW growth. Indeed, we obtained temperature-
dependent growth rates that were 0.40 nm/sec (300 C) or
0.75 nm/sec (330 C) for NW diameters >20 nm compared
to 0.25 nm/sec (300 C) or 0.50 nm/sec (330 C) for diam-
eters <20 nm. Interestingly, each of these growth rates is
considerably slower than one-pot SLS, which ranges from
5-70 nm/sec. Likely for this reason, we also observed pure-
ly wurtzite growth in the case of our CdSe flow-SLS NWs as
opposed to the more common mixed wurtzite/zinc-blende
or purely zinc-blende NWs obtained by SLS, where wurtzite
is the thermodynamically preferred phase.

We have also made significant progress toward demon-
strating utility of our SC-NWs for applications in energy
harvesting by establishing approaches for integration of
the materials into device structures and for electrical char-
acterization. First, we attempted to incorporate free-stand-
ing SLS SC-NWs into hybrid inorganic-organic photovoltaic
device architectures used previously for quantum dots.
However, we were not able to prepare NW-based films of
sufficient uniformity/optical quality to use this platform as
the desired “device test best.” Therefore, we are currently
pursuing alternative approaches to infiltrating NW films
with conducting polymers or using all-inorganic constructs.
To this end, we have recently successfully grown NWs from
an ITO-coated glass substrate for subsequent infiltration

by conducting polymer. We have also addressed the issues
that previously prevented us from casting high-quality NW-
polymer blend films from solutions of free-standing NWs
and polymer.

In addition, we are establishing a new capability for corre-
lated electrical/optical characterization — see summary of
progress-to-date in Future Work.

Lastly, we demonstrated in situ fabrication of SC-NW/metal
contacts by chemically adhering SC-NW bismuth catalysts
to metal nanorods (gold and silver) and subsequently
initiating SLS growth of the SC-NW (Figure 2). To date,
attempts to electrically characterize these hybrid nano-
structures have been hindered by the persistent presence
of a polymer coating that was used to adhere the catalyst
nanoparticles to the metal rods. Recently, we made a
breakthrough in our synthetic approach that has allowed
us to avoid the use of the insulating/chemically persistent
polymer (Figure 2b) that should permit electrical proper-
ties characterization in the third year of the project.
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Figure 2. a.Scanning electron microscopy (SEM) image

of cadmium selenide (CdSe) nanowires grown from gold
(Au) rods, for which a polymer was used to adhere the
metal catalyst particles to the rod. b. SEM image of CdSe
nanowires grown from Au rods, for which bismuth (Bi)
nanoparticle adhesion was achieved using bifunctional
biphenyl-4,4’-dithiol. c. High-resolution transmission elec-
tron microscopy (HR-TEM) image of the CdSe-Au interface.
d. SEM image of Au rods into which a nickel (Ni) segment
was incorporated to facilitate magnetic separation of the
rods from non-adhered Bi and free-standing (unattached)
SC-NWs.

Future Work
Transform SLS into FSLS for Advanced Solution Growth of
SC-NWs

Work for this Task has largely been completed. Future
work will entail extension of the FSLS method to more
energy-relevant materials systems, e.g., CdTe, CulnSe, and
Pb-chalcogenide SC-NWs.

Assess Utility of FSLS Method for Energy Harvesting
Applications

Photovoltaic example: At the level of device proof-of-
concept, we will significantly advance the state-of-the-art
in hybrid inorganic/polymer solar cells by fabricating NW-
based devices wherein vertically aligned SC-NWs and/

or non-aligned SC-NW mats will provide substantially im-
proved charge transport compared to quantum-dot-based
devices by changing the mechanism of charge transport
from charge hopping (quantum dot case) to more efficient
direct transport (SC-NW case).

At the level of fundamental understanding, we will apply
simultaneous optical/electrical characterization. We have

successfully integrated the single nanowire electrical trans-
port and photocurrent measurement capability into our
single-nanowire optical spectroscopy capabilities (Raman,
PL, TR-PL) to perform correlated electrical/optical mea-
surements on single-nanowire devices. Scanning photocur-
rent microscopy performed on a VLS-grown single Si nano-
wire device (Figure 3) affords a demonstration of this new
capability. In order to apply this technique to SLS-grown
single nanowires (CdTe, CdSe, InP, etc.), we are currently
optimizing the single-nanowire device fabrication process.
Although such processes are well established for VLS-
grown, large diameter SC-NWs (d>100 nm), they are not
directly applicable to the small-diameter/organic-ligand-
coated SLS SC-NWs. The devices we have fabricated so far
show very low conductivity, where poor ohmic contacting
likely results from the presence of the organic ligands. In
addition, where we have achieved higher conductivities,
SEM analysis reveals that the “single” SC-NWs are really
bundles (Figure 3c). We are currently exploring multiple
approaches including Ar plasma cleaning and ligand ex-
change, and hi-vacuum annealing to remove these ligands.
In parallel, we are also optimizing the dispersion process to
achieve single NWs devices (Figure 3d).
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Figure 3. a. Schematic of scanning photocurrent micros-
copy set up. b. Photocurrent measured across the p-n junc-
tion of a single Si SC-NW showing the peak at the junction.
The exponential decay of the current on each side of the
decay gives electron and hole minority carrier diffusion
lengths. c. I-V curve and SEM image (inset) of the device
made from a SC-NW bundle. d. SEM image of single SC-NW
dispersed onto a substrate.

If successful, this novel capability will allow us to directly
correlate the photocurrent generation efficiency of indi-
vidual SC-NWs with their optical characteristics, such as PL
emission efficiency and lifetime. A systematic analysis of
such correlated data will shed new light on the competing
processes of charge separation and carrier recombination
that play critical roles in defining photovoltaic perfor-
mance.

Thermoelectric example: We will use FSLS to demonstrate
for the first time nanoscale axial heterostructuring in solu-
tion-grown SC-NWs and to provide experimental support

for theoretical predictions that such structures will enable
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ultra-high efficiency thermoelectrics. We have now done
this, but for a non-thermoelectrics system, i.e., CdSe/ZnSe,
as this system was more easily adapted to flow-SLS growth.
In our third year, we will attempt to growth thermoelectric-
relevant PbSe/PbTe hetero-SC-NWs by flow-SLS.

We will submit at least three manuscripts to high-level
journals (2 in preparation: (1) Flow-SLS from new mecha-
nistic understanding to unprecedented axial heterostruc-
turing and (2) In situ fabrication of semiconductor-metal
contacts).

Conclusion

We have enabled for the first time the solution-phase syn-
thesis of complex axially heterostructured semiconductor
nanowires (SC-NWs). Demonstration of patterned, vertical
SC-NW arrays by this method remains to be demonstrated.
These new capabilities will address the factors that are cur-
rently limiting the utility of solution-phase-grown SC-NWs
for key applications in energy harvesting -- SC-NW-based
photovoltaics and thermoelectrics. In addition to develop-
ing new functional nanomaterials synthesis and fabrication
capabilities, we will provide a proof-of-concept demonstra-
tion of enabled photovoltaic and thermoelectric devices.
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Hollingsworth, J. A.. Novel functional semiconductor nano-
crystal quantum dots and nanowires for applications
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2010 Materials Research Society Spring Meeting. (San
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Laocharoensuk, R., N. Smith, J. Baldwin, A. Gin, and J. A.
Hollingsworth. Versatile Solution-Phase Approach for
Fabrication of Metal-Semiconductor Heterostructured
Nanowires. Presented at 2010 Materials Research Soci-
ety Spring Meeting. (San Francisco, 5-9 April 2010).

Laocharoensuk, R., N. Smith, K. Palaniappan, J. K. Baldwin,
and J. A. Hollingsworth. Integration and Development
of Solution-Phase Techniques for Fabrication of Novel
Heterostructured Nanowires. Presented at 2010 Ma-
terials Research Society Fall Meeting. (Boston, Nov.
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Palaniappan, K., R. Laocharoensuk, N. Smith, R. Dickerson,
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Flow-solution-liquid-solid growth: novel solution-phase
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Introduction

The first high-T_superconductor (HTSC) was discovered
over 20 years ago, yet the mechanism underlying this
unique phenomenon remains poorly understood. In par-
ticular, an understanding of whether electrons in these
materials form pairs known as Cooper pairs through
electron-boson interactions or through strong electronic
correlations alone is lacking. The DOE Office of Science
has made understanding superconductivity a priority
research direction, signified by the workshop on “Basic
Research Needs for Superconductivity” that was held in
2006. Advances in understanding the coupling between
electrons and bosons in HTSCs will require the applica-
tion of novel experimental and theoretical methods pro-
posed here.

The goal of this project is to couple the new experimen-
tal technique of ultrafast infrared spectroscopy (UIS)
with novel theoretical models to investigate electron-
boson interaction dynamics in HTSCs, understand the
coupling between different degrees of freedom, and
determine their relevance to Cooper pairing. UIS will
enable us to directly photoexcite low energy excitations
in complex materials and dynamically probe the result-
ing changes in the complex conductivity. This stands to
significantly impact our understanding of HTSCs, since
we will be able to probe electron-boson coupling by
photoexciting relevant bosonic modes and temporally
resolving the resulting changes in optical conductivity,
o(w, t). This experiment alone should answer the im-
portant question of whether bosons are the pairing glue
in HTSCs. Analysis of the data using novel theoretical
models for the photoinduced changes in o(w, t) could
then be used to uncover the specific bosonic mode that
serves as the pairing glue between electrons. In short,
the use of ultrafast infrared spectroscopy to examine the
dynamics of low energy excitations in HTSCs, coupled
with advanced theoretical models, is an innovative ap-
proach for exploring electron-boson interactions in
HTSCs, with the potential to finally uncover the pairing
glue in these extensively studied systems.

Benefit to National Security Missions

The DOE Office of Science, in particular Basic Energy
Sciences, has made understanding superconductivity a
priority research direction, signified by the workshop on
“Basic Research Needs for Superconductivity” that was
held in 2006. The research described in this proposal
directly addresses many of the issues identified in the
report from this workshop, along with the Basic Under-
standing of Materials grand challenge at LANL, and will
thus be very relevant to these areas.

Progress

In the second year of this project, our experimental prog-
ress towards the proposed ultrafast infrared spectrosco-
py system, which would allow us to perform mid-infrared
pump, terahertz (THz)-probe (MPTP) measurements on
the high-T_superconductor YBCO, was hindered due to
unanticipated difficulties with our ultrafast infrared spec-
troscopy (UIS) system. Our initial MPTP experiments on
YBCO, undertaken near the beginning of the year, were
unsuccessful due to high reflections of the pump beam at
the cryostat windows. We were able to devise a solution
by designing a novel dual cryostat window that allows us
to simultaneously propagate both mid-IR and THz pulses
to the sample. However, after successfully implement-
ing and testing the validity of this approach, our optical
parametric amplifier (OPA) that generates mid-IR pulses
failed due to a burnt power supply. We have since fixed
this problem and are currently realigning the system, af-
ter which we plan to resume our MPTP experiments on
YBCO. We will also perform optical-pump, THz-probe
(OPTP) experiments on YBCO while varying the pump
fluence; these experiments can be done using any of the
several OPTP systems in our laboratories, offering us more
flexibility in case any single system has problems. The re-
sulting data from these experiments, as well as that from
optical-pump, mid-IR probe (OPMP) experiments to be
done on our UIS system, can be directly compared to our
theoretical models for the photoinduced optical conduc-
tivity in a high- T_superconductor, as described below.

Due to these difficulties with our MPTP experiments, we
used other femtosecond laser systems in our laboratories
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to pursue related directions. In the first year of this proj-
ect, we had performed MPTP experiments on graphene,
arguably the “hottest” material in current condensed mat-
ter physics research and subject of the 2010 Nobel Prize in
Physics. However, these experiments were relatively diffi-
cultto interpret, and therefore we performed near-IR pump,
visible-probe experiments to obtain a better understanding
of carrier dynamics in graphene. These experiments were
surprisingly fruitful, as we were able to directly demon-
strate the relativistic nature of a photogenerated electro-
hole plasma in graphene as early as 100 femtoseconds (fs)
after photoexcitation. A publication on this work has been
submitted to Physical Review Letters, and this work was se-
lected for an invited talk at the Nonlinear Optics conference
inJuly 2011.

In addition, we were able to perform OPTP experiments (us-
ing another laser system) on FeAs films that were depos-
ited on LAO substrates. FeAs is a pnictide superconductor
with T~12 K (in our samples); this class of superconduc-
tors was first discovered in 2008 and has attracted much
attention since they are the only noncuprate superconduc-
tors with 7 >50 K (for optimized samples). To date, no OPTP
experiments have been done on these superconductors.
We were able to perform the first experiments of this kind
on our FeAs/LAO samples (Figure 1), which were quite dif-
ficult since the signals were extremely small and required
>2 hours of averaging for each trace. These measurements
revealed that the superconducting condensate recovers on
a relatively slow time scale (~30 ps) after pump excitation,
while quasiparticles recover much more rapidly (~10 ps)
above T
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Figure 1. Optical-pump, THz-probe measurements on FeAs/
LAO samples at (a) 6 K and (b) 20 K.

Finally, before our MPTP system went down, we completed
our experiments on type-ll InAs/GaSb strained layer semi-
conductor superlattices (SLS), which were begun in the first
year of this project. This work was presented at the Optical
Terahertz Science and Technology conference in 2011, and
we are currently preparing a manuscript describing our re-
sults.

On the theoretical side, we have laid down the framework
of time-resolved phenomena for high-temperature super-
conductors based on an effective-temperature model (J. Tao
and J.-X. Zhu, Phys. Rev. B 81, 224506 (2010)). In this frame-

work, (i) we divide the system into three subsystems: elec-
trons, hot phonons that are strongly coupled to electrons,
and cold lattice, and assume that the energy transfer within
each subsystem is much faster than that between different
subsystems so that a local equilibrium within each subsys-
tem can be reached; (ii) according to the energy conserva-
tion law, we develop a three-temperature model to simu-
late the time evolution of the temperatures of electrons,
hot phonons, and cold lattice. The framework is valid for
both normal and superconducting states. Within this frame-
work, all time-resolved quasiparticle dynamical quantities
can be calculated seamlessly.

Our preliminary results have shown the potential to reveal
the nature of the bosonic mode that is most strongly cou-
pled to electrons. For the past year, we have been formu-
lating a theory for time-resolved optical conductivity and
Raman scattering of HTSCs (J. Tao, R. P. Prasankumar, E. E.
M. Chia, A. J. Taylor, and J.-X. Zhu, Phys. Rev. B (to be submit-
ted)). Our results show that, in the superconducting state,
the dynamical conductivity exhibits a second peak at high-
er (mid-IR) frequencies, in addition to the peak due to the
Drude response at zero frequency. This higher-frequency
peak disappears when the system evolves into the normal
state, suggesting the significant effect of the superconduct-
ing gap upon the time-resolved optical properties of HTSC,
and the ultimate importance of electronic coupling to bo-
sonic modes. A similar structure has also been revealed in
our simulations of time-resolved Raman spectroscopy.

Simultaneously, we have also started with the formulation
of a fully quantum mechanical simulation of time-resolved
optical conductivity. This new theory goes beyond the ef-
fective model, as explained above. Our initial results have
enabled us to track the time-evolution of photoexcited qua-
siparticles, and we expect to make more progress in this di-
rection during the next year of the project.

Future Work

Our initial goal in the last year of this project is to get our
UIS system working; we are currently working on this and
expect it to happen early in the year. Once this system is
working and its performance is optimized, we have several
experiments planned. We will first use UIS to temporally
resolve changes in the complex conductivity o(w, t) after
direct photoexcitation of specific bosonic modes in YBCO.
We will use THz probe pulses to measure the effect of pho-
toexcitation on the superconducting condensate fraction f,
and quasiparticle fraction f_as a function of temperature.
Any observed decrease in f, (and corresponding increase
in f ) upon photoexcitation would provide strong evidence
that the given mode is linked to Cooper pairing in YBCO.
Pump wavelength and doping dependent experiments will
give further insight into these phenomena.

We will also perform optical-pump, mid-IR probe experi-
ments on YBCO and Bi-2212 samples early in the next year
to compare to our theoretical predictions of a mid-IR peak
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in the dynamical conductivity in the superconducting state.
OPTP experiments will also be performed on FeAs and
other pnictide superconductors, especially after we obtain
samples optimized for these experiments (ideally thicker
FeAs films on another substrate such as MgO). Finally, we
will finish our manuscript describing our MPTP experi-
ments on the type-II SLS.

Our theoretical studies will be pursued in parallel with the
experimental efforts. We will continue to develop rate
equations for the electron and bosonic mode tempera-
tures as part of a microscopic two-temperature model.
We will then calculate the time evolution of o(w, t) and
compare it with experiments to understand its origin.
Finally, we will develop a non-equilibrium optical conduc-
tivity model within a density-matrix theory and compare
the calculated and experimentally measured o(w, t). This
powerful theoretical and experimental combination is an
innovative approach for exploring electron-boson interac-
tions, with the potential to finally uncover the pairing glue
in HTSCs.

Conclusion

We expect that in the last year of this project, we will make
substantial progress towards accomplishing the goals of
this project, particularly in coupling our experimental ap-
plications of ultrafast infrared spectroscopy to cuprate

and pnictide superconductors with our novel theoretical
models. This will allow us to investigate electron-boson
interaction dynamics in high-temperature superconduc-
tors, understand the coupling between different degrees
of freedom, and determine their relevance to Cooper pair-
ing. Overall, this novel approach has the potential to finally
uncover the pairing mechanism in high-T_superconductors,
which could lead to room temperature superconductivity
and will certainly enable many new applications of HTSCs
in areas such as power transmission and magnetic reso-
nance imaging.
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Introduction

Current methods of biodetection use carbohydrates and
antibodies, binding either a single or a few sites on the
target. These methods, therefore, do not discriminate
viable pathogens from dead. It is critical that the inter-
rogation of a pathogen include a measure of viability for
accurate determination of threat, for only intact organ-
isms are infective and of concern. For example, bacterial
signatures and debris are likely after a decontamination
process has been performed on a contaminated site.
PCR-based identification, which is most often used for
evaluation of decontamination procedures assays for
nucleic acid signatures, does not discriminate between
live and dead organisms either. However, assessment

of presence of viable bacteria is the only true measure-
ment required to confirm the efficacy of the counter-
measures. This is currently achieved by confirmatory
culture, a process that can take days to weeks depending
on the pathogen. The same situation presents itself in
evaluating potentially contaminated food products such
as dairy or meat. Having a rapid method to inform on
the presence of viable pathogens of concern can signifi-
cantly enhance current bio-detection methods.

The current project aims to achieve a rapid, specific and
sensitive method for the selective capture of viable bac-
teria in a complex background by exploiting a highly sen-
sitive iron sequestration system evolved by the patho-
gen. As suggested by the proposal title, Go Fish, we will
use a novel capture process that occurs only with the
active participation of a viable pathogen. In this work,
we use a ‘bait’ to hook a pathogen onto a tether with an
active internalization process that is conducted only by
an intact viable pathogen (Figure 1).

Iron is a sparse element that is critical for life and hence,
all pathogens have evolved siderophores to bind and
sequester iron with incredible affinity. Once iron-bound,
the siderophores return to the bacterium (targeting) and
deliver the iron through one of two different transport
systems. Our project exploits this naturally occurring,
universal, high affinity phenomena to capture viable
pathogens in a complex matrix. Since iron uptake is a

requisite of only living cells and actively performed by
the organism, dead bacteria and debris do not cross-re-
act with this binding reaction. By virtue of this biochemi-
cal feature, our approach can be used for the selective
capture of only live, viable agents.

Figure 1. Selective capture of live (green) E. coli on glass
slides functionalized with silane-based monolayers, and
patterened with desferrioxamine (circles). Relatively poor
capture of dead (red, B) bacteria using the same ap-
proach. 10X magnification.

Benefit to National Security Missions

The work is a strategy to specifically detect viable patho-
gens, and is universally applicable to several classes of
pathogens of interest to the food safety (DoD, DARPA,
DHS), biosecurity (NIH, DoD, DHS, DARPA, DTRA) and
medical community (NIH). Also, the project will offer
valuable information on siderophore synthesis and cap-
ture, of great interest to the basic research community
(DOE:SC). We are currently working on submitting a
phase 2 proposal to the USDA to address the issue of
potential contamination of dairy (esp. milk) with viable
mycobacteria. We are also submitting a white paper to
DTRA. This work will be presented at the annual DTRA
CBD conference in November by Dr. Mark Wolfenden.

Progress

Contaminated food and resulting infection of consum-
ers is of increasing concern. The pathogens that are
mostly and increasingly affiliated with food poisoning

in the United States include, but are not limited to, Es-
cherichia coli, Salmonella species and Listeria Species. E.
coli has been a pathogen of growing concern primarily
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Figure 2. Preliminary quantitative extrapolation of the microscopy data. Panel A demonstrates the selective capture of
viable E. coli in the patterned glass slides. Panel B demonstrates the edge selection of the intensity spots within the pat-
terned area using the software algorithm. C shows the quantitation of the density of the spots in B, and also in a slide
stained for the dead organisms. Currently, the software does not correct for staining intensity, time of exposure or differ-

ing extinction co-efficients of the red vs. green dyes.

because of the evolution of highly pathogenic strains (e.g.
0157) and sharing of genetic material with other enteric
bacteria (e.g. Shiga Toxin carrying E. coli, E. coli with the
NDM-1 drug resistance gene and others). With these novel
mutants, responsiveness of routine health practices to coli-
form infection is weakening. Early and rapid detection of
contamination with viable E. coli can allow for a rapid and
more effective intervention.

We used E. coli as a model system for the preliminary dem-
onstration of our approach (Figure 1). For this, we have
demonstrated the sensitive and discriminatory capture of
intact, viable E. coli cells using surface-bound desferriox-
amine (Figure 2). To achieve this, patterned, silane-based,
PEG-modified thin-films were prepared. Briefly, 3‘-amino-
propylmethyldiethoxysilane (APMDES) was vapor depos-
ited onto a cleaned microscope slide. The resulting surface
amines were modified with a mixture of mono-disperse,
defined polyethylene glycol (PEG) chains, one with a meth-
oxy group for non-specific binding resistance, and one with
an Fmoc-protected amine for functionality. The Fmoc-
groups were removed and the resulting amine was reacted
with biotin. Irradiation of the slides with UV/O3 through

a chrome photomask (500 um, feature size) removed the
thin film in exposed areas while leaving the biotinylated
film in the masked areas. The cleaned areas were reacted
with another portion of APMDES and the methoxy-termi-
nated PEG chain to afford patterned surfaces with discrete
capture patches.

We used the patterned thin-films to build in a negative
control in the non-biotinylated regions. To these surfaces
was added streptavidin, which reacted only with the por-
tions of the thin film that contained biotin. This strepta-
vidin surface was treated in one of two solutions. First,
biotinyl-desferrioxamine (BD), which was prepared by
reacting commercially available desferrioxamine with NHS-
PEG-biotin , was attached to the streptavidin molecules.
Second, BD was pre-incubated with E. coli (see preparation
below) then added to the streptavidin-coated thin-films.
Desferrioxamine was chosen because of the relative ease
of modification.

We have demonstrated the capture of E. coli that were
prepared using a BaclLite kit. This kit differentially stains
live and dead bacterial cells; using this method, viable cells
are dyed green and dead cells are dyed red. The treated

E. coli cells were either added to desferrioxamine coated
slides, or pre-incubated with the capturing agent and used
as described above. These treatments were imaged us-

ing fluorescence microscopy. Both methods were able to
capture intact, viable pathogens, but pre-incubation of the
bacteria with the siderophore seemed to give less non-spe-
cific binding. Very few dead cells, only those still intact in
morphology, were bound from a 50% mixture of dead and
living cells. We may suggest that the “dead” cells captured
were those dying but still intact enough to perform the ac-
tive uptake of iron.

Most recently, we have worked with Dr. L. Prasad (ISR-3)
to adapt his MatLab statistical analysis software program,
originally developed to enhance satellite images, for the
guantitative extrapolation of the microscopy results (Fig-
ure 3) and shown that the staining intensity with ‘green
(viable)’ agents is significantly higher than that associated
with the ‘red (dead)’ pathogens. The statistical analysis,
however, does not currently correct for difference in ex-
posure times and the difference in extinction co-efficient
between the two dyes. Dr. Prasad is working on adapting
these features to the program. We are working on devel-
oping threshold intensity for live agents that can be cor-
rected in any statistical analysis, resulting in the easy and
accurate quantitation of the data available. Adaptation of
this program, with the addition of the requisite algorithms
mentioned, will facilitate simple and rapid analysis of mi-
croscopy data, a process that currently requires long hours
of manual effort.

We have also completed preliminary evaluation of the
pathogen count (CFU/mL) to determine the sensitivity of
the assay platform. We are also confident, based on pre-
liminary data, that rigorous washing with buffer containing
tween 20 (detergent) will allow for further decrease in the
intensity of the background staining in non-patterned ar-
eas, thereby enhancing sensitivity.

146



A communication is under preparation and will be submit-
ted to JACS in November 2011.
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Figure 3. Representative processing of a fluorescence mi-
croscopy image using edge detection. Panel A shows the
fluorescence mi-croscope image of specific staining for
live bacteria using desf B capture. Panel B demonstrates
edge detection of the image using a Canny edge detector,
resulting in the identification of edge pixels around each
site. Panel C demonstrates the conversion of the meas-
ured pixel intensity to spot density. Black bars indicate the
quantitative spot density for the patterned areas when
the slides were stained for viable (green) and dead (red)
bacteria. Clear bars indicate background staining under the
same conditions.

Future Work

Our future objectives are: 1) design and synthesize teth-
ered SDP-fluorophore markers for solution detection, 2)
adapt this technology to the detection of carboxy-myco-
bactin, a siderophore for M. tuberculosis, 3) refine the
statistical analysis algorithm to better reflect the observed
data, and 4) refine this technology to distinguish among
species and strains (potential multiplex detection).

We have established collaboration with Dr. Toby Dicker-
son at Scripps Institute, through whom we have obtained
mycobactin and are expecting to receive some carboxy-
mycobactin, the siderophore for tuberculosis infections.
We have developed a membrane insertion (direct detec-
tion) assay for mycobactin as a joint effort between the
current ER and a LDRD DR led by Korber and Swanson
(ended October 2011). We are initiating experiments to
tether the carboxy mycobactin to glass slides, to allow for
the selective capture of mycobacteria in infected samples.
This is of special interest to the USDA and we were invited
to submit an AFRI Proposal on the adaptation of this tech-
nology to detection of viable mycobacteria in infected milk.
We are currently exploring both commercial IP interest and
sources of follow on funding for this unique technology,
and have submitted a provisional patent application.

Conclusion

The research will lead to capture agents tethered to sur-
faces or soluble fluorescent reporters that complement

our detection tools for pathogens. While traditional rec-
ognition is unable to distinguish viable from dead cells,

we have demonstrated selectivity to viable agents only.
Species selective capture, and likely strain preferences will
be demonstrated, increasing our capability to respond ef-
fectively to a biosecurity or food safety threat, or improve
medical diagnostic strategies.

147



Chemistry and Material Sciences

Exploratory Research
Continuing Project

Ultra-Fast DFT-Quality Forces for Molecular Dynamics Simulations of Materials

Arthur F. Voter
20100366ER

Introduction

The molecular dynamics (MD) simulation method, in
which atoms are evolved in time according to the clas-
sical equations of motion, has become a standard and
powerful tool in materials science. If the underlying
model for the forces between the atoms is accurate,
high-quality predictions of molecular and material
behavior can be made, helping researchers interpret
experiments, develop new models, and generally under-
stand how materials behave in full microscopic detail.
Electronic structure methods, such as density functional
theory (DFT), can be used to provide very accurate
forces on the atoms, but the computational cost of DFT
is extremely high, typically limiting MD simulations to at
most picoseconds (trillionths of a second) for relatively
small systems of a few hundred atoms. In contrast, MD
simulations using empirical interatomic potentials, al-
though not as accurate, can reach much longer times, up
to roughly a microsecond. Moreover, using accelerated
molecular dynamics methods, we can push to times of
milliseconds and sometimes beyond. In this project, we
are trying to develop a totally new approach for calculat-
ing interatomic forces, aimed at achieving roughly the
accuracy of DFT with a speed close to that of empirical
potentials. We are developing a self-adaptive data-min-
ing approach, in which force and local geometry infor-
mation from every DFT evaluation is saved in a database
for future use. During a simulation, the force on each
atom is obtained by selecting, from the database, clus-
ters of atoms that are similar to the cluster comprised of
the atom of interest and its neighbors, and then applying
a novel physics-based interpolation to approximate the
force on the central atom. If no good match exists in the
database, this new cluster geometry is added to the da-
tabase, along with the DFT force on its central atom. This
high-risk, high-payoff project requires method develop-
ment in a number of areas: determination of an accurate
electronic-structure force from only a cluster; fast ap-
proximation for the distance between two clusters; fast
retrieval of closely matching clusters from the database;
fitting a highly accurate local potential to a set of clus-
ters; and parallelization of the final algorithm.

Benefit to National Security Missions

This project is aimed at developing a capability for very
fast, very accurate force calculations for molecular dy-
namics simulations of materials, so that unprecedented
time scales can be achieved with good accuracy. This
capability will be valuable in many areas, such as design-
ing advanced materials for nuclear reactors and nuclear
waste storage, designing alloys for aerospace and en-
ergy applications, designing catalysts for fuel cells, and
improving processing steps for growth of solar cells or
superconducting films.

Progress

As sketched above, we are developing a novel molecular
dynamics approach in which the force on each atom is
determined by retrieving geometrically similar clusters
from a database, where for each of these stored clusters
the force on the central atom has been determined ac-
curately using electronic structure theory. Our proto-
type system for development and testing is silicon (e.g.,
a block of 216 or 1000 Si atoms with one or more de-
fects in it), chosen because it offers enough complexity
and because we have a high quality Si tight binding po-
tential that can act as a less-expensive surrogate for DFT.

Early this year, our investigations showed the benefits of
making the domain belonging to each cluster larger than
we had originally planned. This prevents exponential
runaway in the number of clusters in the database, as
shown in Figure 1. However, this puts a greater burden
on the quality of the potential function representing the
force on the central atom of the cluster. This potential
must accurately describe this force as the cluster is dis-
torted over a larger range.

To address this, we have redesigned our force approxi-
mation procedure. Rather than performing a poten-
tial fit on the fly for each atom after closely matching
clusters are extracted from the database, we now fit

an interatomic potential in advance for each database
cluster and store it with the cluster. To perform this fit,
we generate auxiliary clusters in its neighborhood to
use in the fit, rather than using other clusters existing in
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the database (whose positions are history dependent, and
hence biased). This eliminates the computational cost of
fitting the potential at run-time; it instead becomes part of
the overhead when a new cluster is added to the database.
This approach also allows us to perform a more com-
prehensive fit without significantly impacting the overall
speed of the method.
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Figure 1. Database size vs. MID time for a 215-atom Si sys-
tem with one vacancy. The lower curve (smaller database)
is for a cluster domain-size cutoff of 1.4 Angstroms, and the
upper curve is for a cutoff of 1.0 Angstroms. The smaller
cutoff (tighter tolerance) leads to a larger database whose
size will continue to grow at a high rate. The MD time step
in these runs is 2 femtoseconds.

Unfortunately, we struggled for a large fraction of this year
trying, but failing, to get good and reproducible results,
until we finally realized that it was because the signature-
based cluster-matching method was not working as well as
we thought. (Recall that this is the fast method we devel-
oped for computing an approximate distance between two
clusters, enabling rapid retrieval of the closely matching
clusters from the database.) It works well for clusters that
are only a small distance away, but for cluster pairs with
very different geometries, such as when there is a vacancy
in the first neighbor shell in one cluster and not the other,
it gives an erroneously small distance. Consequently, as
we made each database cluster cover a larger domain, the
signature-based method was not correctly distinguishing
between the case of similar clusters at a larger distance
and the case of clusters that were very different, and our
results became erratic.

To remedy this, we have written an exact rotation code,
which rotates and renumbers atoms as necessary to find
the best possible matchup between two clusters. We also
wrote a second, exact rotation code based on quaternion
analysis. Having two independent codes, we can verify
that we are obtaining the correct distance between any
two clusters. These are fast codes, but explicit rotations are
much slower than the signature method, which does not

require rotation at all. Consequently, our testing is going
much slower now, but all other aspects of the method can
still be developed and tested in spite of this.

We now have a working overall code that performs the
database lookup with perfect distance accuracy and all the
necessary options for testing a wide range of different ap-
proaches for performing high-accuracy potential fits and
extracting accurate electronic structure forces from finite
clusters. Very briefly, we have tried: fitting to the cluster
Hessian elements from electronic structure in addition to
the forces; using different forms of potential (e.g., modified
embedded atom method, Stillinger-Weber); varying the
number of free parameters in the potential; performing
downhill fits vs. global fits, varying the cluster domain size,
varying the number of auxiliary clusters; varying the cluster
size, passivating the truncated cluster with hydrogen-like
bonds for higher force accuracy; implementing Fermi-level
smearing to reduce the force discontinuity at energy level
crossings; implementing a fixed Fermi level. We have more
work to do, but the trends and the remaining sources of
error are beginning to become clear.

A major issue in the development of this method is that
the dynamical evolution does not conserve energy, be-
cause our forces, which come from a different cluster for
each atom, cannot be written as derivatives of a particular
total energy of the system. This nonconservation error
manifests itself by overheating -- the simulated system
goes to a higher temperature than is requested by the
thermostat.

There are two sources of this nonconservation error: The
first error arises from taking the force from a finite-size
cluster. Formally, this only gives a conservative force if the
cluster consists of the entire system. However, we have
established that if the cluster is made large enough, the
force converges to a value very close to the correct value --
i.e., the force for that atom in the entire system. If we use
this electronic-structure cluster force at every time step,
we achieve reasonable energy conservation, as shown in
Figure 2. The second component of the nonconservation
error comes from the imperfect approximation to this
cluster force as the cluster geometry varies. If the cluster-
specific potential is accurate enough to exactly mimic the
electronic structure cluster force for any distortion of the
cluster, this second error disappears. Interestingly, this
second error is coupled to the more general potential fit-
ting challenge we have. If the cluster-specific potential
gives the kind of accuracy we want from this method, we
automatically solve the nonconservation problem as well.
Figure 3 shows an example of the temperature accuracy in
a recent simulation.
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Figure 2. Kinetic temperature vs. MID time for systems in
which the force on each atom is taken directly from an
electronic structure calculation (tight binding in this case)
on a finite cluster with a radius of 7.5 Angstroms. This
demonstrates that if the cluster is large enough there is ad-
equate energy conservation. Because in this approach we
have only the forces, not the energy, we cannot examine
the energy conservation directly. Instead, we examine the
average kinetic temperature, verifying that it is very close
to the Langevin thermostat temperature setting (T=1000
K in this case). The temperature for the interstitial case
(green) is ~2.5% low and the vacancy case (red) is ~6%
high. A larger cutoff would make this error even smaller.
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Figure 3. Kinetic temperature vs. MD time for a Si vacancy
simulation, using the same 1.4-Angstrom-domain sys-

tem shown in Figure 1. The average kinetic temperature
of T=1071 K (blue line, averaged over the last 1000 MD
steps), is somewhat higher than the value of the Langevin
thermostat setting of T=1000K (green line), indicating some
nonconservation error, although some of it is coming from
the finite-size cluster (see Figure 2).

Future Work

Our two main tasks for the near future are 1) Improve the
quality of the cluster-specific fit so that it gives very high
accuracy over its entire domain; and 2) Improve the signa-
ture-based approximate distance method to give a more
accurate distance when the clusters differ substantially.
We also have two secondary tasks, which become impor-
tant in the event we fail one or both of the first two tasks:
3) Develop ways to make the exact-rotation retrieval go
as fast as possible; and 4) Investigate ways to modify the
forces to directly correct for the nonconservation error.

Conclusion

Our goal is to design a procedure for calculating fast, accu-
rate interatomic forces for molecular dynamics simulations
of materials. We are making good progress, but we are not
there yet. If we succeed, this approach opens the way for
unprecedented predictive-quality simulations on long time
scales, so that we can directly simulate processes such as
fracture, plastic deformation, impurity precipitation, film
growth and catalytic reactions, comparing the results di-
rectly to experiment. This capability will be valuable in de-
signing advanced materials and understanding processes
for nuclear reactors and nuclear waste storage, as well as
many other energy applications.
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Introduction

The most widely used sources of artificial illumination
remain incandescent and fluorescent lamps, but these
are not optimized for efficiency or longevity. Significant
economic and environmental savings—~20% of elec-
tricity is consumed in lighting—could be achieved if ef-
ficient and robust low-cost alternatives were available
for general lighting purposes. The primary alternative

as perceived by industry and government is so-called
‘solid-state lighting’ (SSL). As described in the DOE SSL
Roadmap, SSL differs fundamentally from existing tech-
nologies, and its development is central to DOE’s—and
LANL's—mission in energy efficiency. Existing technolo-
gies, most notably nitride-based and organic or polymer-
based light emitting diode (LED) technologies, have thus
far fallen short of providing the desired combination of
properties: high-efficiency, long-term robustness, low-
cost, and facile color-tunability. An ideal “building block”
for LED technologies would possess the high-efficiency
and innate robustness of nitride-based technologies
coupled with low-cost processibility and color tunability.
Here, we aim to establish a new class of colloidal semi-
conductor nanocrystal quantum dot (NQD)—the “giant”
NQD (g-NQD)—as the ideal building block for high-effi-
ciency, general-use SSL through three research goals:

¢ Fundamental photophysics: understand charge-re-
combination processes toward controlling/optimiz-
ing electronic—>photonic conversion pathways.

e Materials-by-design: establish general synthe-
sis capability for engineering key physical and
electronic structure parameters that influence
electronic—>photonic conversion processes.

e Proof-of-principle devices: fabricate g-NQD-LEDs to
test hypothesis that g-NQDs provide significant per-
formance improvements.

Benefit to National Security Missions

The proposed work addresses key LANL-identified Ma-
terials and Energy Grand Challenge FY10 Priorities: e.g.,
Develop (1) the underlying materials science, physics
and chemistry to support materials needs in energy

efficiency and (2) intrinsic techniques to control func-
tionality with novel architectures resulting from new
synthesis, fabrication and processing concepts. Thereby,
the science developed here will provide the necessary
fundamental understanding that will enable significant
progress in SSL technology, where, according to the DOE,
“No other lighting technology offers as much potential
to save energy and enhance the quality of our building
environments, contributing to our nation’s energy and
climate change solutions.”

Progress

Task I: In our effort to synthesize/structurally character-
ize g-NQDs representing a range of physical/electronic-
structure parameter space, we prepared a series of
CdSe/CdS systems (electronic structure is quasi type-Il)
for which the core/shell interface was intentionally al-
loyed. Specifically, we fabricated thick-shell NQDs where
the shell was either fully alloyed [CdSe/(CdSexS1-x)n, x
=0.25-0.75, n = 1-9] or where the first 1-2 monolayers
were alloyed but the remainder of the shell was pure
CdS [CdSe/(CdSexS1-x)n(CdS)m, x = 0.10-0.75, n=1-2, m
= 1-7]. In the case of the fully (homogeneously) alloyed
systems, average radiative lifetimes were always ob-
served to be in the range typically reported for core-only
or conventional core/shell CdSe NQDs, i.e., 20-30 ns, and
independent of shell thickness. Blinking was not sup-
pressed in these systems. In the case of the composition-
ally graded shell systems, for which a 1-2 monolayer al-
loy region was grown in between the nominally compo-
sitionally pure core and CdS shell, average radiative life-
times at 5 total shell monolayers showed little increase
above that of a core-only sample, while at 9 shells,
lifetimes were approximately doubled (~60 ns) without
dependence on ‘x. Blinking behavior for the 9-shell sys-
tem was found to be comparable to moderately shelled
non-alloyed CdSe/CdS g-NQDs (e.g., 5-6 shell monolay-
ers). More recently, we expanded our investigations into
core-shell interface effects by synthesizing alloyed cores
of varying degrees of core-to-shell compositional grading
(as a function of synthetic method employed). Signifi-
cantly, to date, neither intentional shell alloying nor core
alloying has resulted in improved blinking properties of
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CdSe/CdS NQDs. We have also attempted post-synthesis
alloying by way of high-temperature, long-time annealing,
which demonstrated that the core/shell interface is actu-
ally very stable to intermixing.

In contrast to our investigations of core-shell interface
effects on blinking, which did not result in significant
modifications or enhancements, we have observed that
electronic structure plays a key role in tuning nonradiative/
radiative carrier recombination processes and fluores-
cence intermittency. To investigate this aspect of core/shell
nanostructures, we developed new synthesis strategies

for thick-shell InP-based core/shell NQDs that, according
to theoretical predictions conducted for this effort, were
expected to span the full range of electronic structures
from type | to quasi-type Il to type Il. These were InP/ZnS,
InP/ZnSe, InP/CdS, InP/CdSe. Each system afforded unique
challenges in achieving effective, controlled shell growth.
Compared to our original CdSe-based g-NQD system, InP
suffers from a greater susceptibility to surface oxidation,

a poor starting core quantum yield, and a tendency to
etch in the presence of standard ligands used for surface
stabilization. Despite these system-specific conditions, we
were able to synthesize representatives of each core/shell
combination and to effect significant control over emission
‘color’ (green to near-infrared) and electronic structure.
Electronic structures characterized by either partial (quasi-
type Il) or complete (type Il) spatial separation of electron-
hole pairs exhibited long average radiative lifetimes, e.g.,
InP/CdS core/shell NQDs: 500 ns at 1 shell monolayer, 686
ns at 4 shell monolayers, and 806 ns at 10 shell monoaly-
ers. This was the predominant condition in the case of
Cd-containing shells compared to Zn-containing shells that
resulted in charge-localized electronic structures (type I)
and shorter lifetimes comparable to InP cores (e.g., 28-73
ns). Most recently, single-NQD-level blinking studies of

the InP/CdS core/shell system show suppression of blink-
ing in these near-infrared emitters (~700-1000 um), up to
complete suppression of blinking in the case of InP/10-
monolayer CdS NQDs (Figure 1). This result provides the
first new “g-NQD” system to realize the unique and impor-
tant single-NQD optical properties originally demonstrated
by us for the prototype CdSe/CdS g-NQD system, as well as
the first near-IR non-blinking NQD. A manuscript describing
this seminal work is in preparation.

Task 2: Through advanced optical spectroscopic studies
conducted at both ensemble and single nanocrystal levels,
we have made significant progress in establishing a com-
prehensive understanding of the competition between
nonradiative and radiative recombination processes in
g-NQDs. Specifically, we have (a) Shed new light on the
mechanism responsible for the suppression of Auger re-
combination (AR) processes in g-NQDs, (b) Revealed the
mechanism responsible for the suppression of blinking in
g-NQDs and the correlation between the AR suppression
and blinking suppression, (c) Developed two single-NQD
spectroscopy approaches to independently and directly

measure the quantum yield of bi-exciton states, enabling
significant advances in our fundamental understanding of
g-NQD optical properties, (d) Developed a novel single-
NQD spectro-electrochemistry capability for controllably
and reversibly injecting/extracting charges into/out of the
g-NQD while simultaneously monitoring the changes in
PL emission intensity and lifetime fluctuation, (e) Demon-
strated that the g-NQD thick shell affords control over the
electron-hole exchange interaction that define the splitting
between the optically active and inactive lowest excitonic
transitions. (See publication list.)

Task 3: We have demonstrated proof-of-concept light-
emitting devices of two types -- direct charge injection and
down-conversion, completing this task.
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Figure 1. (a) Photoluminescence intensity traces over time
for single InP/CdS core/shell nanocrystal quantum dots
(NQDs) of increasing CdS shell thickness (red numbers rep-
resent number of shell monolayers) under continuous exci-
tation at 405 nm. Single-monolayer NQDs exhibit standard
blinking behavior, while for thicker-shell NQDs, shorter off-
times are observed, or blinking is suppressed all-together.
(b) Ratio of on-to-off times versus shell thickness (on/off
ratio of 1 indicates non-blinking behavior).

Future Work

We will conduct highly correlated synthesis and advanced
spectroscopy studies (Tasks 1 and 2) toward a proof-of-
principle light-emitting diode demonstration (Task 3) of
the utility of the novel “giant” nanocrystal quantum dot
(g-NQD) structural motif for light-emission applications.
Thereby, we will address scientific issues of materials-by-
design and fundamental photophysics.

Task 1: Synthesize and structurally characterize g-NQDs
representing a range of physical/electronic-structure
parameter space: By judicious choice of core and shell
compositions and sizes, we will continue to controllably
engineer four classes of g-NQDs: (1) type-I electronic
structure, simple-core/shell interface, (2) type-I electronic
structure, energy-graded core/shell interface, (3) quasi-
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type-Il electronic structure, simple-core/shell interface,
and (4) quasi-type-Il electronic structure, energy-graded
core/shell interface. This set of materials is allowing us to
distinguish the effects of physical and electronic structure,
as well as composition (lI-VI and Ill-V semiconductors) and
bandgap (“blue”—CdS and ZnSe—to “red”—CdSe and InP)
on our ability to achieve the desired unique g-NQD proper-
ties. Further, to understand the precise structure-function
relationships, we will conduct correlated single-NQD opti-
cal and transmission electron microscopy (TEM) measure-
ments.

Task 2: We have and will continue to directly investigate
the competition between radiative and non-radiative
recombination pathways, especially in newly developed
core/thick-shell systems by performing advanced ultrafast
spectroscopic studies (low-T PL->multiexciton-state struc-
tures, PL excitation spectroscopy->fine-structure of band-
edge exciton, and TR-PL->recombination rates) on both
g-NQD ensembles and single g-NQDs of various size (shell
thickness and core diameters) and compositions. Ensemble
measurements will provide efficient comparison of differ-
ent g-NQD samples, while single-NQD studies will allow us
to study variations within an ensemble.

Task 3: Complete — LED proof-of-concept devices success-
fully demonstrated.

Conclusion

Conventional nanocrystal quantum dots (NQDs) are char-
acterized by several basic properties that have limited
their utility in light-emission applications: (1) deleterious
sensitivity to surface chemistry and chemical environment,
(2) the requirement for a surface layer of “protective” but
electronically insulating organic molecules, and (3) efficient
non-radiative Auger recombination. We recently discov-
ered that these properties no longer apply in the case

of our novel “giant” NQDs. In this effort, we are making
significant progress toward generalizing these exciting re-
sults to the full range of NQD materials systems to achieve
efficient, robust, and color-tunable building block for next-
generation solid-state lighting.
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Introduction

As electricity demand continues to rise, and environ-
mental constraints become more relevant, it is impera-
tive to enhance the performance of superconductors

for applications oriented towards energy efficiency and
storage. In most applications, the superconductors are
exposed to relatively high magnetic fields (H) that pen-
etrate the material by creating superconducting vortices.
Any electric current that flows through the supercon-
ductor exerts a Lorentz force (FL) on the vortex that is
proportional to the magnitude of the current. When the
current density, J, reaches a critical value, Jc, FL becomes
strong enough to overcome the pinning force that an-
chors vortices. Vortex motion leads to energy dissipa-
tion, i.e., the material acquires a finite resistivity for J>Jc.
Therefore, one hopes to find mechanisms to increase

Jc and/or reduce dissipation for J>Jc. The pinning force
comes from material defects that create an attractive
vortex potential. In particular, magnetic defects can lead
to so-called magnetic pinning. In principle, magnetic pin-
ning can significantly increase the value of Jc (in particu-
lar at high temperatures) as it can result in pinning ener-
gies larger than those achieved by non-magnetic defects
(core pinning). However, the interplay between vortices
and magnetic media cannot be properly exploited with-
out a comprehensive study that includes both static and
dynamical properties of the entire system. We are study-
ing the effect of a magnetic medium on the dynamics of
the vortex state.

Benefit to National Security Missions

The superconductivity research community is changing
focus. After several years of tremendous success with
core pinning enhancement, there is the need to go back
to the drawing board and think of new ways of reducing
energy dissipation in superconducting materials. The
BES workshop on superconductivity highlighted research
directions that we will address. With other SC efforts at
LANL we could reach critical mass for big programs such
as an EFRC. This work directly relates to the energy se-
curity future of our nation.

Progress

The idea is to explore the interaction between super-
conducting vortices and magnetism. ErB2Ni2C and LuB-
2Ni2C single crystals were obtained from Ames Lab, (Dr.
Sergey Bud’ko, ). ErNiBC has several magnetic phases
that coexist with superconductivity and LuB2Ni2C is non
magnetic. We will compare and contrast the results ob-
tained in these single crystals. We plan to make micro
bridges that will allow us to inject high current densities
in these very clean crystals.

We have acquired a new Variable Temperature Insert
(VTI) to be installed in our 7T (Tesla) split coil system.
This insert will allow us to sweep temperature while
passing substantial amount of current, something that is
not possible to do in commercial systems.

Dr. Marcus Weigand was hired as post-doc starting on
April. He has performed all the necessary training and
is taking the lead on sample preparation of the micro
bridges. We started by thinning down single crystals
using polishing (generally use for TEM samples prepara-
tion). We have been able to reduce the cross section
from 1mm~”2 down to 0.005 mm*2, a factor of 200
improvement. A small decrease in T_was observed,
that did not affect T_N. Annealing of the samples was
performed and we found that Tc can be back up. This al-
lowed us to perform critical current measurements that
are would only be possible by pulsed field technique
with great advantage of DC measurement, e.g. it’s pos-
sible to measure the response of the current going up
and down, something not possible with pulsed current
measurements.

A Center for Integrated Nanotechnologies (CINT) propos-
al was accepted to perform Focused lon Beam (FIB) as
part of their user facility program. The first microbridges
in YBCO films (Figure 1) and initial cuts in single crystals
were already performed at Sandia Nat. Lab. A critical
step we are finding is to get samples thin enough to do
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FIB. We are planning to use Broad lon Beam and mechani-
cal polishing, available at MPA-STC, to thin down the single
crystals down to 10 microns.

Figure 1. Micro bridge on a YBCO fim made using Focused
lon Beam (FIB).

Magnetization measurements were started in REB2Ni2C
(RE=Er, Lu) to find effect of the AFM phase with T_N=6K.
We have observed a clear effect on the critical current (Ic)
at the phase transition T_N. We observe a clear peak in
Jcat T_N, at low fields, that remind up to higher fields. We
are currently working in mapping this effect and perform-
ing similar measurements by transport. We are studying
also the flux creep by measuring the magnetization relax-
ation.

We performed measurement of electrical voltage (V) that
indicates vortex movement, as a function of current densi-
ty amplitude (J), which measures the force that acts on the
vortices. Both DC and AC transport measurements were
performed. There is a clear decrease in V as a function of
increasing J in the associated with the AFM transition as
seen in Figure 2.

Modeling is underway to understand the observation and a
manuscript is being prepared with the experimental data.
Simulations of the interaction of vortices and magnetic
media were done. We see a clear effect of the domain
boundaries in AFM phase. We find that they can interact
with vortices and eventually be moved by vortices (Figure
3). This has great similarities of current DMW movement
by ionized current. A manuscript is being prepared and
will be sent.

We also started working in the heterostructures, and we
plan to combine Nb with different AFM materials, that are
being selected. We started measurements of Ic in Nb films

as function of temperature, field and angle.
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Figure 2. Voltage (V) versus applied current density (J)
curves for temperatures (T) above and below Neel temera-
ture (T_N). A decrease in V at |_min is observed indicating
decreased velocity of vortices upon increasing current at
I_min. Inset: |_min versus temperature for H| [c=0.4T.

Figure 3. Simulation of magnetic moments (small arrows)
in presence of superconducting vortices (grey columns)
with an applied current. Different spin domain form (dif-
frent colors) and interact with vortices particlarly in the
domain walls.

Future Work

We plan to develop new experimental and theoretical tools
to understand the interplay between superconducting
vortices and magnetic media. All previous experiments on
magnetic pinning were only focused on achieving higher
values of Jc (static effect). We plan to explore theoretically
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and experimentally new aspects of the vortex dynamics

by expanding our analysis to antiferromagnetic media that
mostly affects the vortex dynamics. A common problem

in previous studies of magnetic pinning is the inability of
separating the core (local suppression of the supercon-
ducting order parameter) and magnetic contributions. To
unequivocally study the effect of the magnetic medium, it
is necessary to be able to induce substantial changes in the
magnetic properties. For this purpose, we will study differ-
ent system where the magnetic ordering transition takes
place inside the superconducting phase.

We choose the Borocarbide family of superconductors as
well as tunable YBCO/magnetic heterostructures to study
the effect of magnetic media on the vortex dynamics. We
will focus on systems that have a magnetic ordering tem-
perature lower than the superconducting transition tem-
perature Tc. This is useful to separate the magnetic con-
tribution to the vortex dynamics from the non-magnetic
contributions. In particular, we will calculate and measure
the magnetic influence on the relevant parameters for the
pinning, flux-creep and flux-flow regimes. In more detail,
we will measure the change in the critical current and flux
flow dynamics induced by the magnetic medium and mod-
el the mechanisms that can explain such change. We will
also model the magnetic contribution to the vortex mass
and viscosity in order to predict the effect of the magnetic
medium on the flux creep and flux-flow regimes. These
predictions will be tested against their corresponding mea-
surements. We will also test the novel idea that AFM me-
dia can be effective in reducing vortex motion.

Conclusion

Our primary goal is to unveil new qualitative behaviors of
the vortex state in the presence of a magnetic medium. For
the static regime, we will look for different mechanisms to
increase Jc. We will explore routes to bridge the gap be-
tween present performance and theoretical limit.

In the dynamic regime, we expect to qualitatively dem-
onstrate the effect of magnetic media on reducing vortex
motion and to calculate the effect and the threshold vortex
velocity needed for the ‘vortex Cherenkov’ effect. We are
measuring a decrease in flux-flow dissipation and finding
the conditions for such improvement to occur.
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Introduction

Lithium ion batteries have shown great promise in terms
of electric energy storage parameters such as energy
density, power capacity, charge-discharge rates, and
cycling lifetimes. However many fluid electrolytes con-
sisting of lithium salts dissolved in solvents are toxic,
corrosive, or flammable. They tend to work poorly with
lithium anodes. Solid electrolytes with superionic con-
ductivity can avoid those shortcomings, and can work
much better with a metallic lithium anode, allowing

for much higher energy densities. We propose a novel
class of superionic solid electrolytes with 3D conducting
pathways based on anti-perovskites of high lithium con-
tent. The new crystalline materials can form adaptable
solid solutions and lend themselves to structural and
chemical modifications to boost ionic transporting. We
have measured the ionic conductivities of the order of
10-2 S/m for the anti-perovskites Li,OCl and Li,OCI  Br, .,
respectively, and the high temperature measurements
derive the activation energies of range 0.3-0.5 eV cor-
responding, well within the superionic transporting
region. These initial studies demonstrate that the anti-
perovskites can serve as a solid electrolyte material for
superionc conduction of Li-ion battery.

Benefit to National Security Missions

It supports the Laboratory Energy & Earth Systems Grand
Challenge “to develop transformative new energy tech-
nologies” as well as LDRD Materials Grand Challenge of
“controlled functionality through discovery and applica-
tion of fundamental materials properties”. In particular,
this work tackles the research priority of “electrical en-
ergy storage for transportation applications” and under-
pins DOE-BES scientific mission of “Directing Matter and
Energy”. This research will advance fundamental materi-
als theory, develop novel materials for super-ionic elec-
trochemistry, and enable next-generation devices with
substantially enhanced energy/power properties. This

ER project directly supports LANL Institutional Goal on
establishment of “expertise/capability to solve national
problem in energy security”. Our integrated research on
battery materials synthesis, modeling, and characteriza-
tion for electric energy storage also represents important

elements of the MaRIE strategy, and our new and unique
neutron-electrochemical capabilities at LANSCE would
place LANL at the forefront of clean energy researches.

Progress
Synthesis

We have developed novel synthetic techniques to pro-
duce a wide variety of Li-rich anti-perovskites. A simple
method with quantitative yield is detailed presently. The
first step of the synthesis of, say, Li3OCI consists in grind-
ing together two equivalents of LiOH and one equivalent
of LiCl. In a typical synthesis, 4.79 g LiOH (0.2 mol; Al-
drich, > 99% purity) and 4.24 g LiCl (0.1 mol; Aldrich, >
99% purity) are ground together for several minutes with
a mortar and pestle. This mixture is then placed in an
alumina boat and heated to 280 oC under vacuum. The
material is kept at this temperature overnight. During
heating, water is actively removed with a condensation
(cold ice bath or liquid nitrogen) trap and an efficient
vacuum pump. At the end of the synthesis, the vacuum
is removed and the apparatus is flushed with a dry inert
gas (e.g., N, or Ar) for a few minutes. Continuous re-
moval of water under vacuum drives the chemical equi-
librium toward the formation of the product. The reac-
tion is fast and simple and the sample production can

be massive. The Li,OCl and Li,OBr samples can also be
obtained with higher purity if the reaction temperature
is increased to beyond the melting points (T > 280 °C), in
which case the product is obtained as:

LiCl + 2LiOH - Li,OCl + H,0 1 (3600C, vacuum)
(1]
LiBr + 2LiOH -> Li,OBr + H,0 1 (3600C, vacuum)

This molten material can be slowly cooled or rapidly
guenched to produce a polycrystalline mass with tex-
ture and various degrees of disorder. If the reaction is
incomplete, reagents contaminate the product. This is
detrimental to conductivity measurements. The synthe-
sis described here is novel to the best of our knowledge,
and produces a pure Li-rich anti-perovskite material
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with quantitative yield and relative ease. We have also
developed a high-pressure and high-temperature synthesis
route and have recovered high quality samples of anti-
perovskites.

Characterization

X-ray diffraction (XRD, Rigaku Ultima Ill instrument) reveals
that Li,OCl and Li,OBr have the typical perovskite crystal
structure, Figure 1, albeit with distortions from the ideal
cubic structure. These distortions are typical of many
perovskites 25. The extra peaks in the Li,OCl and Li,OBr
diffraction pattern are typical of tetragonal distortion and
some are amplified due to texture. The mixed phase of
Li30OCl Br, . shows a good solid-solution of the two end
members. The XRD patterns in Figure 1 are indexed with
Miller indices corresponding to the pseudo-cubic struc-
ture. The lattice parameter is approximately 3.91 A with
one formula unit per unit cell (Z=1). The space group is P
m -3 m (#221). The calculated density is 2.0 g/cm?3. This
compound of Li30Cl is reported here for the first time. The
Li,OBr sample shows substantially the same pseudo-cubic
structure as Li3OCI. The lattice a = 4.02 A, with Z=1, and
space group P m -3 m (#221). Our high-P/high-T synthesis
23 produces the similar distorted anti-perovskite structure
as the high-T melting synthesis.

all XRD collected at ambient conditions
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Figure 1. X-Ray diffraction data for the anti-perovskite
samples.

The diffraction patterns of anti-perovskites display dif-
ferent degrees of superlattice peaks, indicating various
degree of octahedral tilting, structural distortion, and A/A’
site disorder, etc. It is not surprising given the differences
in pressure and temperature conditions, in cooling and
guenching rates, and in ionic size between Cl and Br, and
the possibility of random occupation of the A-site by Cl and

Br.Notice from the diffraction pattern of the mixed phase
that Bris indeed incorporated in the lattice and replaces
Cl to form the solid solution. The x-ray diffraction shows
gradually cleaner patterns closer to the cubic perovskite
structure as temperature increases, and it also shows
the melting at high-T and texture formation when cooling
down.

Structural changes in anti-perovskites and melting were
observed with thermal analysis. We performed Differential
Scanning Calorimetry (DSC, Netzsch, Jupiter 449C) mea-
surements on the anti-perovskite samples. The results are
shown in Figure 2.
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Figure 2. Differential calorimetric scanning (DSC) data col-
lected at heating and cooling for the anti-perovskites Li,OCI
and Li,OCl | Br, ..

The last peak at high temperature heating is the melting
phase transition. The mixed compound has a lower melting
point than the two end member parent compounds. There
is a very small endothermic peak in the Li,OCl sample
around 225 °C. In some perovskites, it is due to the loss of
one order parameter, i.e. one octahedral tilting along one
particular lattice axial direction. It corresponds to the un-
folding of either the M point or the R point of the Brillouin
zone in lattice dynamics. The XRD does not reveal anything
remarkable below or above this peak other than slight
changes in the intensity of the superlattice peaks. Melting
occurs at 282 °C, but the onset of melting occurs some 10
degrees lower. The Li30OBr sample displays the same weak
endothermic feature as Li,OCI, but at 206 °C. A new endo-
thermic peak appears at 232 °C, below the melting point
of 280°C. The mixed halogens sample Li,OCI_,Br, . inherits
this new feature of Li OBr with a peak at 247 °C, and with

a lower melting point of 270 °C. The cooling down DSC
measurements of the sample Li,OCI _Br . shows three exo-
thermic peaks, which corresponding to nucleation of crys-
tallites, ordering of the mixed halogens, and crystallization
to the solid state. There are only two exothermic peaks

of nucleation and crystallization for the end member sam-
ples. As the halogens possess widely different ionic sizes,
the substitution of halogens in the Li-rich anti-perovskites
should be a very efficient method of structural manipula-
tion, as well as decreasing the temperature of structural
phase transition and melting. This will affect ionic conduc-
tivity and, possibly help achieve superionic conductivity
closer to room temperature.

The ionic conductivity measurements for all three samples
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Figure 3. lonic conductivity measurements plot as a function of invered temperature (1000/T) for the anti-perovskites.

show a very wide range of 10”° -to- 102 S/m at the room
temperature, Figure 3. Much speculation has been raised
for the measurement techniques, sample handling, and
data reductions, as shown in the side pane of the Figure
3. We intend not to report a definite result for the ionic
conductivity of the anti-perovskites at the moment, rather
choose to leave it as a big question mark to our self; much
more works are needed to solve it.

Future Work

Important parameters for battery/capacitor materials
include currents sustainability, discharge capacity, and
reversibly rechargeable for long life cycles. We link the
performance issues to atomic structures of the new anti-
perovskite electrolytes. The concept of superionic elec-
trochemistry to enhance battery/capacitor performances
is novel and the relevant knowledge building up will be
fruitful with our integrated R&D efforts of synthetic chem-
istry, neutron diffraction, and computational optimiza-
tion. Further developments in thin film deposition of the

anti-perovskites and electron microscopy works will result
in advanced solid-electrolyte applications and structural
interpretations for layer structured state-of-the-art EES
devices.

We consider the Li-rich anti-perovskite Li,OA as a lithium
“swamp” and it needs “trenches” to channel fast ionic
transporting. The structural manipulations of mixing, dop-
ing, and depleting can effectively generate the vacancy
channels in the crystal structure,thus forming “drainages”
to allow easy hopping and fast transporting of the lithium
ions. We will further explore different synthesis route to
produce the maximized structural effect on the superionic
conductivity of the anti-perovskites.

Conclusion

High P-T synthesis with chemical tuning, electrochemical
and thermodynamic measurements, in situ neutron scat-
tering, and computational modeling guidance will allow us
to optimize the solid-electrolytes made of the lithium-rich
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anti-perovskites for transportation EES functions. Novel
solid electrolytes based on structural and electrochemical
phase transitions in lithium enriched materials (anti-per-
ovskites) will be developed to achieve enhanced electric
conduction via superionic transporting. The new class of
anti-perovskite electrolytes with superionic electrochem-
istry represents great advances in Li-rich electrolyte devel-
opment and will permit further optimization of EES perfor-
mance, including the use of metallic Li electrodes.
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Introduction

As part of the global hydrologic cycle, the Earth’s deep
water cycle plays a significant role in many geological
processes, including arc volcanism, deep focus seismic-
ity, and, in a larger con-text, the evolution of our planet
[1]. To understand Earth’s deep water cycle, it is essen-
tial to determine the stability and fate of hydrous min-
erals, which occur in hydrated oceanic crust, when the
crust is subducted into the mantle via the mechanism of
plate tectonics [2]. The aim of this research is to charac-
terize the crystal structures, mechanical properties, ther-
modynamic stability and phase equilibria of a number of
important hydrous minerals using neutron and synchro-
tron X-ray diffraction at high-pressure (P) and/or high-
temperature (T) conditions [3,4] together with high-T
oxide-melt calorimetry [5]. Specifically, we will examine
three groups of minerals: 1) simple hydroxides; 2) ocean-
ic crust minerals; and 3) potential hydrous mantle miner-
als. Since these minerals contain large amounts of light
elements, especially hydrogen, neutron diffraction is
particularly useful for such studies. Systematic measure-
ments of these minerals using neutron diffraction cou-
pled with our cutting-edge high P-T technique at the Los
Alamos Neutron Scattering Center (LANSCE) will yield
valuable information such as hydrogen positions and dis-
placement parameters. In addition, high P-T synchrotron
X-ray diffraction is employed to provide complementary
structural and stability information (e.g., on heavy atoms
in hydrous phases). Lastly, high-T calorimetric analy-

sis will determine thermodynamic properties of these
minerals, which will be used to construct related phase
diagrams. The results will provide important parameters
for models of Earth’s deep water cycle and thus will shed
light on mechanisms underlying the storage, fate, and
dynamics of water in the Earth’s interior.

Benefit to National Security Missions
Successful execution of this project will contribute great-
ly to the fundamental understanding of Earth’s deep
cycling of water, CO, and other volatiles and related geo-
logical phenomena including volcanism and seismicity.
This work is also an essential part of studies of the global
water cycle which integrates physical, chemical, and bio-

logical processes that sustain ecosystems and influence
climate, natural hazards, and related global change. The
unique high P-T neutron/synchrotron and high-T calo-
rimetric capabilities developed/utilized in this research
have a wide range of applications in materials science,
physics, chemistry, Earth and environmental sciences,
and thus will strengthen key capabilities required for fu-
ture Laboratory mission areas in plutonium science, en-
ergy security and environmental remediation. Potential
future sponsors for water/volatile cycle research include
NASA, DOE’s Office of Science, and NSF.

Progress

We have synthesized two simple hydroxides, brucite and
beta-nickel hydroxide, using hydrothermal and chemical
precipitation methods, respectively, and have studied
their structural and stability behavior at high T and/

or high P using neutron diffraction. Though not major
phases in the deep Earth, these compounds (especially
brucite) are present as component units in the struc-
tures of complex hydrous minerals (such as phase-E,

Mg, ,.Si, ,cH; ,,0,), Which are potential hosts for water in
Earth’s mantle. Thus studying their structures and stabil-
ity will provide important insights into the mechanisms
of water storage in the Earth’s interior.

Sample synthesis: Since hydrogen has a high incoherent
scattering cross section for neutrons, which causes high
backgrounds in neutron diffraction patterns, we synthe-
sized deuterated phases instead. The Mg(OD), sample
was prepared from hydrothermal reaction of high-purity
MgO powders with DO in an autoclave at 548 K for
about 20 h. For synthesis of Ni(OD),, Ni(NO,),-6D,0 was
first prepared by dissolving Ni(NO,),-6H,0 in D,O and
dried at 313 K on a rotary evaporator. The obtained
Ni(NO,),6D,0 was then dissolved in D,O, and while be-
ing stirred, NaOD solution was added dropwise. The
mixed solution was decanted and filtered under Ar
atmosphere, and the obtained precipitate was dried at
473 Kin a vacuum oven overnight. Transmission electron
microscopy (TEM) imaging indicates that Ni(OD), grains
exhibit a layered hexagonal morphology (Figure 1). The
resulted Mg(OD), and Ni(OD), samples were confirmed
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as single-phase brucite and beta-Ni(OD),, respectively, by
powder X-ray diffraction.

Figure 1. TEM images of Ni(OD)2 grains along (A) and per-
pendicular to the c-axis (B).

Neutron diffraction of Mg(OD),: Two types of time-of-flight
neutron experiments were performed at the HIPPO beam-
line of LANSCE: 1) high-T measurements from 313 to 553
K; and 2) high-P high-T measurements up to 5 GPa and 800
K. Our high-T neutron patterns indicate that Mg(OD), was
stable from 313 to 553 K. However, the sample partially
decomposed into periclase (MgO) and D,O (gas) when T =
583 K. Thus the onset temperature of the dehydroxylation
lies between 553 and 583 K. Rietveld analysis of the data
reveals that with increasing temperature, the c-dimension
expands at a rate about 5.5 times more rapidly than that
for the a-dimension. This anisotropy of thermal expansion
is due to rapid increase of the interlayer thickness along
the c-axis with increasing T. Moreover, on heating, the
hydrogen-mediated interatomic interactions within the
interlayer become weakened, as reflected by increases in
the interlayer D--O and D---D distances with increasing T.
Correspondingly, the three equivalent sites over which D is
disordered become further apart, suggesting a more disor-
dered distribution of D at high T. For the high P-T measure-
ments, we are currently analyzing the neutron data using
the Rietveld method.

Neutron diffraction of Ni(OD),: We carried out similar
neutron experiments on Ni(OD),, including high-T mea-
surements up to 500 K and high-P high-T measurements
up to 3 GPa and 600 K. The high-T neutron patterns show
that Ni(OD), started to decompose into NiO and D,0O (gas)
at a temperature between 435 and 453 K. Rietveld analy-
sis (Figure 2) demonstrates similar behavior to Mg(OD),

in variations of lattice constants and bonding param-

eters with T (Figure 3). However, the thermal expansion
anisotropy of Ni(OD), is much more dramatic than that of
Mg(OD),. The coefficient of thermal expansion (CTE) of
Ni(OD), along the c-axis is about 11 times that along the
a-axis, as compared with 5.5 times for Mg(OD),. High-P
neutron results show that with increasing P, cell parameter
¢ decreases much more rapidly than a, which is largely due
to rapid reduction of the interlayer spacing. Fitting of the
determined cell volumes to a Birch-Murnaghan equation

of state yielded a bulk modulus (KQ) of 57.3(1.0) GPa and a
zero-pressure volume of 38.33(2) A’ with K ' fixed at 4.7.
Moreover, upon compression, the hydrogen-mediated
interactions between the neighboring layers become
strengthened, as reflected in decreases in interlayer D---O
and D---D distances with increasing P. On heating at 3 GPa,
the mean volume CTE is 6.58 x 10°/K, smaller than 8.95 x
10°/K measured at room pressure, which is apparently due
to the confining effect.

Other activities: 1) We acquired a natural antigorite sample
from the Smithsonian and will try to deuterate it at high
P-T to obtain deuterated antigorite for neutron diffraction
measurements. 2) Our Japanese collaborators are currently
preparing deuterated phase A (Mg_Si,O,(OD),) using high
P-T multi-anvil techniques. We provided Mg(OD), powders
as a starting material for their synthesis. 3) We purchased a
Netzsch DSC/DTA/TG thermal analyzer, which have recently
been installed in the geochemistry and geomaterials labo-
ratory (GGRL) at LANL.
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Figure 2. Fitted neutron diffraction patterns of Ni(OD)2 col-
lected at 25 °C. Data are shown as red plus signs, and the
green curve is the best fit to the data.
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cell volume V (C) of Ni(OD)2 with temperature.

Future Work

A major capability for this project is neutron diffraction at
LANSCE to locate hydrogen positions in hydrous minerals
at simultaneous high P and T. Neutron diffraction, which
detects the nucleus rather than electron cloud and can
sense light elements, represents a powerful tool for such
measurements. With our developed high P-T capability (10
GPa and 1500 K), we have successfully conducted neutron
experiments on various minerals and materials (including
hydrous phases) aimed at refining their atomic positions

and thermal parameters under extreme P/T conditions.

In addition, to obtain complementary crystal structural
and phase stability information, we will conduct high P-T
synchrotron XRD at the National Synchrotron Light Source
(NSLS) and high-T calorimetric measurements at LANL.

In the remaining two years of this project, we will continue
our studies on simple hydroxides (e.g., high P-T synchro-
tron XRD of nickel hydroxide) and will extend to studies of
more complex phases including antigorite, hydromagnes-
ite, other magnesium silicates (e.g., phase A), and/or ger-
manate analogues (e.g., phase D) (potential hydrous man-
tle minerals). We expect to determine crystal structures
and phase equlibria of these hydrous phases at mantle P-T
conditions. These results will provide important insights
into the effects of water on phase relations, physical prop-
erties and melting temperatures of mantle minerals, which
are important aspects in Earth’s deep volatile cycle.

Conclusion

Using neutron/synchrotron X-ray diffraction and solution
calorimetry, we will determine crystal structures, elastic
properties, thermodynamic stability and phase equilibria
of a number of hydrous minerals at high P-T conditions. In
particular, we will characterize hydrogen bonding in these
minerals, which plays a key role in their thermodynamic
stability, dehydration processes and phase relations. These
results will help construct phase diagrams of hydrous
peridotite in MgO-SiO,-H,O and related systems at mantle
conditions and will in turn shed light on the mechanisms of
volatile circulation through the mantle and the origins of
the arc volcanoes and deep focus earthquakes.
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Introduction

A quantitative understanding of matter at the nano-
scale is a grand-challenge for theory. Over the years,
electronic structure calculations, such as density func-
tional theory (DFT), transformed theoretical chemistry,
surface science and materials physics and have created
a new ability to describe the electronic structure and
interatomic forces in molecules with hundreds of atoms.
Still, these calculations require atomistic information
(electrons and orbitals). Consequently, numerical cost is
high, effectively limiting the range of treatable systems
by ~1000 atoms.On the other hand, design of functional
nanostructures such as a photovoltaic unit or nanoscale
electronic chip, requires quantum-mechanical model-
ing of extended systems with millions atoms in size. This
challenge calls for development of multiscale approach-
es. Notably, any reduction of computational complexity
is highly non-trivial, since we need to take advantage

of complex quantum-mechanical phenomena, such as
delocalized wavefunctions, quantum confinement, and
coherences, to achieve new functionalities. In this proj-
ect we will develop a theoretical framework based on
the quasiparticle scattering concept, which will allow
multiscale modeling of electronic properties on nanoma-
terials with limited numerical effort. Our theory bridges
traditional molecular description (spatially confined
wavefunctions, orbitals) with solid-state physics picture
(periodic delocalized wavefunctions, quasiparticles) and
directly addresses nanostructures spanning intermedi-
ate sizes. Scattering calculations include two steps: i)
conventional quantum-chemical calculations and/or
analysis of experimental data of simple molecular frag-
ments (building blocks ~10-100 atoms in size) to retrieve
the quasiparticle properties; and ii) applying scattering
theory to large nanostructures to obtain electronic prop-
erties of interest. The resulting numerical effort scales
cubically with the number of molecular building blocks
(not electrons!) in the superstructure.

Benefit to National Security Missions

First and foremost our project upon completion will pro-
vide novel computational capabilities critical for under-
standing light-induced dynamics in many technologically

relevant nanostructures. Consequently, we envision ex-
tremely broad applications of developed tools, relevant
to the current and future LANL/DOE missions. Our proj-
ect primarily addresses Energy and Earth Systems LANL
Grand challenge by providing computational means for
molecular materials suitable for clean energy (solar en-
ergy capture and energy storage). Secondly, it strongly
relates to Materials: Discovery Science to Strategic Appli-
cations challenge by discovering emergent phenomena
in complex systems. Consequently, proposed activities
have potential for extending our program through LANL,
and will place us in the excellent position to respond to
incoming National Initiatives in energy and materials,
particularly BES calls.

Progress

During the first year of the project our effort focused

on several research directions. First of all, we have ap-
plied the Exciton Scattering (ES) approach to understand
excited-state structure of donor and acceptor substi-
tuted conjugated oligomers. The extracted reflection
phases, transition charge, and dipole parameters of the
modified termini are used to quantify the influence of
the substitution on the molecular electronic and optical
spectra. In particular, intuitive relationships between the
substituent’s electron withdrawing or donating ability
and the ES parameters have been established. A good
agreement of the absorption spectra between the ES ap-
proach and the reference quantum-chemical computa-
tions demonstrates that the ES approach is qualified for
such conjugated push-pull systems. This work has been
recently published [1]. Secondly, we have extended the
ES method to include symmetric triple and quadruple
joints that connect linear segments on the basis of the
phenylacetylene backbone. The obtained scattering
matrices that characterize these vertices are used in
application of our approach to several test structures,
where we find excellent agreement with the transition
energies computed by the reference quantum chemistry.
We introduce topological charges, associated with the
scattering matrices, which help to formulate useful rela-
tions between the number of excitations in the exciton
band and the number of repeat units. The obtained fea-
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tures of the scattering phases are analyzed in terms of the
observed excited state electronic structure. This work has
been recently published [2]. Currently we are preparing

a large review article to be submitted to the Accounts of
Chemical Research journal.

Finally we have applied the principles of the ES approach
to study excited state dynamics in semiconductor nano-
structures. Namely, we have implemented our interband
exciton scattering model into a numerical code to simulate
the processes of carrier multiplication (CM) (also referred
in the literature as the multi-exciton generation) in narrow
gap, PbSe and PbS, nanocrystal quantum dots. Using this
approach we have performed a systematic study of the
CM pathways in these materials [3,4]. Two fundamentally
different processes of multiple-exciton photogeneration
and subsequent phonon assisted cooling are investigated
and their contributions to the CM quantum efficiency are
determined. The analysis shows that the exciton scattering
induced impact ionization dynamics is the main mecha-
nism responsible for the CM during both the photogenera-
tion and the population relaxation events. These results
allowed us to provide interpretation of experimentally
observed phenomena. Specifically, our model gives clear
picture why the experimentally observed quantum effi-
ciency in various size nanocrystals never exceeds the same
quantity in bulk materials. The answer has been found in
the quantum-confinement induced scaling of the carriers
density of states and the Coulomb interactions contribut-
ing to the interband exciton scattering (i.e., impact ioniza-
tion) processes.

Another fundamental question that has been addressed
in our study is the spectroscopic signatures of the inter-
band exciton scattering and the Coulomb correlations that
lead to this process. We have used our exciton scattering
theory to calculate the nonlinear coherent response to a
sequence of three ultrafast optical pulses and specifically
focused on the so-called double-quantum coherence tech-
nique, which is proved too sensitive to the carriers correla-
tions [5]. The theory has been implemented into a com-
putational code and further used to simulate the response
of PbSe nanocrystals. Our simulations have determined
unique nonlinear spectroscopic features in the double
guantum coherence response indicating the presence of
the exciton scattering dynamics of interest. This work can
be considered as the guideline for further experimental
studies.

Future Work

Interesting properties at nanoscale arise from the com-
peting quantum interactions such as spin, charge, orbital,
and lattice degrees of freedoms. Theoretical physics con-
veniently describes such electronic and vibrational excita-
tions or degrees of freedom in materials as quasiparticles.
They could undergo complex dynamics leading to many
important photochemical and transport phenomena. A
detailed knowledge of quasiparticle properties allows

constructing compact and accurate models for material’s
electronic structure and dynamics. It is, however, a highly
nontrivial task to obtain such information from atomistic
simulations and/or experiment. Our Exciton Scattering

(ES) model is a successful example allowing us to map the
results of quantum chemistry applied to molecular frag-
ments into the scattering problem for exciton on the entire
structure. Consequently we compute a static ‘snapshot’ of
excited states of large structures. We will start this project
by applying the ES technique to understand the excited
states in many nanostructures featuring complex and col-
lective excitations (Task 1). In parallel we will work on the
theoretical methodology establishing scattering framework
for other quasiparticles and provide a universal scattering
picture for electronic dynamics in many materials allow-
ing for multiscale modeling (Task 2). Step-by-step we will
incorporate scattering of excitons on phonons, conforma-
tional defects, design polaron scattering model, and solve
for coupled exciton/polaron dynamics describing decay of
the exciton into charges at the defects and interfaces. This
will allow us to model a complete scenario of excitation
dynamics all the way from light absorption event to energy
transfer to charge separation (charge transfer) to carrier
transport and/or recombination. Finally we will apply de-
veloped tools to a number of important materials (Task 3).

Conclusion

Upon successful completion, the developed theoretical
methodology will allow the quantum chemical techniques
that have proven themselves in providing accurate and ad-
equate results in organic/inorganic molecules of intermedi-
ate size to be extended to the world of macromolecules
and superstructures. The range of treatable systems will
be extended from ~1,000 atoms to at least 10,000-100,000
atoms sized nanostructures, without any substantial in-
formation loss or accuracy compromise. The proposed
method will contribute to modeling and designing of new
organic/inorganic materials with desired electronic proper-
ties. Close synergistic interaction with experiment at LANL
and word-wide will allow us to disseminate our theoretical
findings.
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Introduction

In this research, a unique multidisciplinary approach is
implemented to obtain molecular-level information on
the nature of transition-metal sites, Fe sites in particular,
at the surface of non-precious metal oxygen reduction
reaction (ORR) catalysts for the polymer electrolyte fuel
cell (PEFC) cathode. NO and alkyl peroxides are used

as probe molecules for ORR active-site elucidation.
Metal-focused characterization techniques of analog-
bound catalysts, electron paramagnetic resonance (EPR),
Mo6Rbauer and nuclear resonance vibrational spectros-
copy (NRVS), are used to yield, through a differential ap-
proach, electronic and structural information for surface
ORR sites. By spectroscopic characterization with DFT
modeling and spectral simulations, we intend to de-
termine surface Fe speciation, probe oxygen reduction
coordinate, and evaluate novel structures as potential
catalyst synthesis targets. The ultimate outcome of this
research will be the first direct evaluation of ORR active
sites in non-precious metal catalysts and the develop-
ment of critical structure-property relationships for the
advancement of Fe-based oxygen reduction catalysts for
the PEFC cathode.

Benefit to National Security Missions

The research expands LANL's expertise in several ar-
eas, including ORR catalysis, surface characterization,
mechanisms of surface catalytic reactions and advanced
characterization of MoRbauer-active nuclei (i.e. NRVS).
ORR catalysis is directly related to the fuel cell program
at LANL, which directly supports the national energy
security mission. The acquired capabilities and expertise
in surface characterization and enhanced understanding
of reaction mechanisms provide a strong platform for
the application to other current and future energy and
environmental related problems under investigation at
LANL, including biomass conversion, CO, capture and/
or conversion, etc. Expertise in NRVS has broad applica-
tions at the Lab to other M6Rbauer-active nuclei, most
notably neptunium (Np). Thus, this expertise provides a
foundation for the application of NRVS to the basic sci-
ence programs in actinide chemistry as well as national
security related programs interested in the structures of,

for example, complex Np containing materials including
oxides.

Progress
Catalyst Modeling

Catalyst modeling has concentrated on the following
three goals:

1. Calibration - Computationally obtain database of
vibrational spectra for comparison with NRVS experi-
ments, and hyperfine electronic spectra for compari-
son with the EPR experiments.

2. Exploration - Use database from (1) to compare to
experiment, narrow active-site candidates, explore
ORR-relevant energy surface/reaction pathways to
determine rate-limiting steps.

3. Optimization - Use data from (1) and (2) along with
molecular modeling to decrease ORR activation bar-
rier and enhance active-site stability

High Performing Computing (HPC) resources at LANL
were obtained by applying to the Call for Institutional
Computing in January 2011. Further computational sup-
port is being sought through an Argonne National Labo-
ratory (ANL) call for High-Impact Nanoscience & Nano-
technology User Proposal. Access to the code Gaussian
09 [1] was obtained using the site license managed by
Rich Martin (T-1). Candidates were interviewed for the
post-doctoral decision, and a qualified applicant was se-
lected (Edward Holby).

Three systems have been selected for the initial screen-
ing: graphitic edge-type structures in which an iron or
cobalt ion bridges two N-terminated graphitic edges
(Figure 1a); porphyrinic structures; and, impurities em-
bedded into graphene sheets (Figure 1b). For graphitic
edge structures, Gaussian 09 is being employed and the
Hartree-Fock method used to compute the electronic
structure. A similar method has been employed for the
porphyrinic systems. For the doped graphene sheets,
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the Vienna Ab-initio Simulation Package (VASP) [2-5] is
being used with density functional theory (DFT) in the gen-
eralized-gradient approximation [6-9]. A second approach
for examining doped graphene sheets has been generated
over the latter part of FY11 using the Metropolis Monte
Carlo algorithm [10] to search for low-energy structures
consisting of clusters of Fe atoms, N atoms, and graphene
defects.

Figure 1. (a) Iron (1l/1ll, LS/HS) bis-phenanthroline complex
used as a surrogate system to model iron bridging two
graphene sheets. The effects of additional ligands coming
from the top and bottom are also being considered (CN-,
NO, 02). (b) Defective graphene structure obtained as in-
termediate products in “randomized” search strategy using
the Metropolis Monte Carlo algorithm for 2% Fe weight
loading with 4:1 N:Fe ratios and 1:1 N:vacancy ratios in the
model graphene flake.

In FY11, numerous models have been created and tested
using available computational resources to provide for a
comprehensive, computational-based search for the active
site in this material. The strategy involves rational design
based on known templates as well as global “random”
search methods. The framework has been put in place for
the new modeling hire to rapidly screen and validate struc-
tures against the experimental data generated by EPR and
NRVS.

Synthesis of PANI-Fe and CM-Fe Catalysts

Commercial carbon blacks (Ketjenblack EC 300J, 950 m? g
and Black Pearl 2000, 1500 m? g'%;) were used as sup-
porting materials in polyaniline (PANI-Fe) and cyanamide
(CM-Fe) catalysts synthesis. In a typical approach [11-17],
carbon supports were treated in hydrochloric acid solution
for 24 hours to remove metal impurities and oxidized in
70% nitric acid at 80°C for 8 h for oxygen functionalization.
*’FeCl, and *’Fe(CH,COO0), were prepared as iron precursors
in PANI-Fe and CM-Fe catalyst synthesis, respectively. In
the case of PANI-Fe, 2.0 mL aniline was first dispersed with
0.4 g acid-treated carbon black in 0.5 M HCl solution and
FeCl, added into above solution with a nominated Fe con-
tent of 10wt%. The suspension was kept below 10°C while
the oxidant (ammonium peroxydisulfate, APS) was added,
followed by constant mixing for 24-48 hours to allow PANI
to fully polymerize and uniformly deposit onto the carbon

black particles. In the case of CM-Fe, 3.5gCM and 0.3 g
*’Fe(CH,CO0), were mixed with 1.0 g oxidized carbon in
reagent alcohol. The mixture was refluxed for 12 h at 80°C.
In both cases, the suspensions containing carbon support,
nitrogen precursors, and iron were evaporated at 80-90°C
overnight to remove solvent. Subsequent heat treatment
was performed at a temperature of 900-950°C in nitrogen
gas for 1 hour. These heat-treated samples were then pre-
leached in 0.5 M H,SO, at 60-80°Cfor 8-12 hours to re-
move unstable and inactive species from the catalyst, and
finally thoroughly washed with de-ionized water. In the last
step, the catalyst was heat-treated for the second time in
nitrogen-gas atmosphere for 1-3 hours.

EPR Characterization

Methods and Materials

EPR measurements have been performed with a Bruker
EleXsys E-500 spectrometer equipped with an Oxford
cryostat for temperature control down to 5K. The X-band
spectrometer consists of an SHQE-W1 cavity, SuperX
bridge, NMR Tesla meter, field/frequency stabilizer, and

a 13 inch magnet. Data have been acquired by taking the
first derivative of the absorption curve with field modula-
tion 100 kHz, amplitude 1 mT, and a microwave power of
2 mW. A total of six EPR samples were measured. An oxi-
dized, reduced, and NO absorbed sample were each pre-
pared for two different catalysts.

Results

All samples show a signal at ca. g=4.3 from Fe* in a dis-
torted octahedral symmetry (Figure 2a). The position does
not shift significantly for different samples, but the NO

and reduced PANI-Fe samples are more intense and have
larger linewidths (Figure 2b). The significance of the inten-
sity differences is difficult to establish since EPR intensity
is directly proportional to mass, yet unknown [18]. The
increased linewidth is probably caused by either increased
local crystal disorder (symmetry around the Fe site) [19,20]
or faster relaxation times [20-22]. Without measuring the
EPR spectra as a function of temperature it is difficult to
distinguish between these mechanisms. The oxidized/NO
lineshapes are slightly more “Gaussian”, but not enough

to contribute the increased linewidth solely to inhomoge-
neous broadening and changes in crystal disorder. Howev-
er, since reduction will decrease the number of Fe®*, it may
be that spin-spin relaxation processes are reduced in favor
of spin-lattice relaxation processes.

Figure 2c shows the resonance near g=2. The prominent
signal is likely from Fe** in axially distorted sites and the
small linewidths indicate a relatively low ion population
[23,24]. The reduced and NO samples of PANI-Fe again
show slight differences from the other samples; these two
samples had large background signals and the resonances
appear to be slightly shifted with broader linewidths.
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There was no clear evidence of NO absorption, i.e., the
reduced and NO spectra have no obvious differences. One
difficulty was the presence of significant Fe that results in
a low Q-value or sensitivity. Such low sensitivity may have
prevented the detection of NO signals.

Nuclear Resonance Vibrational Spectroscopy

In FY11, we have completed an initial set of NRVS ex-
periments at ANL's Advanced Photon Source (APS), fo-
cusing predominately on PANI-Fe catalysts. The studies
evaluated Fe-ligand vibrational bands for as-synthesized,
electrochemically-reduced and reduced plus NO-treated
samples, all prepared with >’Fe. While the majority of the
iron-ligand vibrations in NRVS spectrum ((Figure 3a) re-
main unchanged (unreduced bulk Fe species), several key
changes are observed that can be attributed to reduced
surface iron, specifically, an increase in the density of
states between 425 and 575 cm™, a decrease in the low
energy bands below 200 cm™?, and additional perturbations
between 200 and 250 cm™. These results demonstrate that
NRVS is sufficiently sensitive to observe the change in met-
al-ligand vibrational features for surface-iron reduction. Of

greater interest is the effect of NO addition on the reduced
iron samples since NO is an analog molecule for O, bind-
ing to Fe sites. New vibrational features observed upon NO
treatment can be attributed to Fe-NO binding and likely
constitute ORR sites. Figure 3b provides a comparison of
NRVS spectra of the reduced and reduced plus NO-treated
samples. Several new features are observed upon NO
treatment, in particular, additional intensity at ca. 540-650
cm’?, including a more intense feature at 606 cm™. This en-
ergy region is consistent with v(Fe-NO) for various known
Fe-NO hemes [25]. The use of DFT site models, from which
one can calculate Raman spectra including the v(Fe-NO)

of a particular structure, will provide more definitive as-
signment of these features, allowing to specifically probe
possible catalytic site structures in the PANI-Fe catalyst,
consistent with the NRVS results. An additional higher en-
ergy feature at 908 cm™ is also present in the NO-treated
sample. The possibility that this may represent a bridging
NO ligand, i.e. Fe-NO-Fe, is currently under investigation
using modeling.

NRVS studies of CM-Fe catalyst have also been performed.
Due to beam time limitation (four days total, ca. 24 hours
required per sample), the only CM-Fe data obtained so far
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are for the electrochemically reduced sample. However, a
comparison of the reduced forms of the two catalysts pro-
vides initial experimental insight into the relative differenc-
es of the iron site structure and, hence, the iron vibrations
present in PANI-Fe and CM-Fe catalysts (Figure 3c). Sub-
stantial differences in the Fe-ligand vibrations have been
observed, indicating the likely presence of distinct Fe sites
(surface and bulk) in these catalysts. Further CM-Fe cata-
lyst studies, including NO-treated reduced sample, will be
carried out next to elucidate the nature of possible surface
Fe-site differences and their correlation to ORR activity.

Future Work
NRVS

A second round of beamtime will be utilized to complete
studies initiated with the CM-Fe catalyst, including as-
prepared and NO-treated samples. Time permitting the
measurements will be expanded to additional catalyst for-
mulations.

Spectroscopic Studies of NO treated catalysts

The studies will encompass both Mdssbauer spectroscopy
and magnetic circular dichroism. Mdssbauer studies will
allow for an expanded and detailed investigation of the ef-
fects of the NO treatment on surface iron electronic struc-
ture. Magnetic circular dichroism, which probes the differ-
ential absorption of left- and right-circularly-polarized light
in a high magnetic field, has previously been shown to pro-
vide unprecedented insight into Fe-NO complexes (particu-
lar ligand-field and low energy charge transfer bands in the
near-infrared region). This technique yields an increase by
three orders of magnitude in transition from paramagnetic
centers (i.e. iron) relative to the diamagnetic background
(i.e. carbon support). MCD will be applied in conjunction
with EPR, Md&ssbauer and NRVS to elucidate the structure
of the surface iron sites perturbed by NO ligation.

Correlation to DFT structures

A key focus in the following year will be the development
of DFT models of the iron site structure in order to corre-
late to spectroscopic data for NO-treated samples, exem-
plified by the initial NRVS results with PANI-Fe catalyst.

Conclusion

In FY11, we have successfully initiated a multidisciplinary
research project that targets, for the first time, the de-
termination of active ORR sites in fuel cell catalysts. We
constructed an elaborate system that allows for treating
catalysts with O, analogs in controlled atmosphere, and
implemented methods for storing and transporting catalyst
samples (e.g. from LANL to APS-ANL) in liquid nitrogen. We
completed the synthesis and extensive electrochemical/
fuel cell testing of non-precious metal catalysts derived
from PANI and CM. Finally, we carried out first EPR and
NRVS experiments with NO used as a molecular probe of

active Fe sites for oxygen reduction. While Fe content in
catalysts appeared to be too high for positive EPR verifica-
tion of Fe surface sites (to be addressed via dilution in the
future), NRVS experiments revealed significant differences
between NO-untreated and NO-treated sample as well as
differences between catalyst obtained from different pre-
cursors. Once verified in upcoming experiments and linked
to DFT models these data are likely to lead to the first ever
direct proof of the presence of transition-metal ORR sites
on non-precious metal catalysts —an important discovery
for the understanding of the ORR mechanism and for the
future development of precious-metal-free fuel cell cata-
lysts.
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Introduction

Barium Strontium Titanate (BaSrTiO,) ceramics have
many interesting properties, including ferroelectricity,
piezoelectricity, pyroelectricity, superconductivity, high
permittivity, and nonlinear dependence of permittivity
on applied electric field [1]. The nonlinearity of these
materials can be used to generate a nonlinear transmis-
sion line (NLTL), which is a compact device that can be
used to generate high power microwave (HPM) radiation
in the GHz frequency range [2].

The objective of this project is to develop a novel meth-
od for fabricating ultra-thin plates of nonlinear dielectric
ceramics. These thin dielectrics have important applica-
tions in generating a practical NLTL, in addition to other
high power microwave applications. This transforma-
tional technology has the potential to create a new para-
digm in the field of high power microwave devices.

Two innovative approaches are proposed to overcome
the extreme difficulty in making ultra thin dielectric
plates. The first of these is a direct tape laminating
method. This process integrates the tape casting process
and the tape laminating technology. The second ap-
proach is to integrate the spin coating technique using
the nonlinear dielectric slurry and the tape laminating
technology.

In addition, we are fabricating thicker blocks of nonlinear
dielectrics, to find the optimal chemistry for minimizing
RF losses in the material and maximizing nonlinearity.

After the best approach is down-selected, a compact
NLTL system will be built which produces 1 MW of peak
RF power at 1 GHz, to demonstrate the usefulness of this
technology.

Benefit to National Security Missions

An important aspect of warfighter support is the devel-
opment of non-lethal, HPM weaponry. Currently the
United States Army and Air Force are actively pursuing
NLTL based HPM sources for their respective arsenals.
In addition, the Joint Non-lethal Weapons Directorate
of the US Marine Corps is developing a vehicle stopping

system to be deployed at check points in order to coun-
ter vehicle-borne improvised explosives. The current sys-
tem is based on conventional HPM sources, but they are
actively pursuing an HPM NLTL source as an alternative.
The common roadblock to all of these systems is the lack
of an appropriate non-linear material. This project would
solve this problem.

Progress

We have made several new batches of bulk ceramic
blocks (not thin films), to optimize the bulk properties of
the material. In particular, we have varied the amount
of zirconium used as a dopant in the BaSrTiO, nonlinear
material, and the temperature at which the material is
baked to. After the materials were fabricated, they had
to be metalized. Dr. Chen had to spend some time de-
veloping this capability in the first three months of the
project. He tested several different metals, and found
silver to be the most reliable. After this, we measured
the dielectric constant and loss tangent of the materials.
The results indicate that zirconium is an important dop-
ant in this nonlinear material, and that 1450 C is a good
baking temperature for the ceramics. We have tested
different levels of zirconium, and found an optimum
level that minimizes the loss in the material.

We have focused so far on the tape casting method for
fabrication of thin materials. There were some initial
setbacks in the fabrication of these thin materials, be-
cause the materials tend to crack during the baking pro-
cess. These setbacks were overcome by using materials
that are 200 um instead of the 100 um that is given in
the original proposal. Simulations of NLTLs indicate that
200 um will be thin enough to design high impedance
NLTLs in the 1 to 2 GHz range. The fabricated 200 um
materials have improved mechanical properties, and will
be metalized and ready for dielectric testing by Novem-
ber. Figure 1 shows a picture of the thin BaSrTiO, mate-
rial, with the zircon laminates.

We have also designed several resonant cavities for
measuring the high frequency properties of BaSrTiO,,
both for the bulk materials and the thin materials. These
cavities are designed to measure the dielectric constant
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and conductivity at the 0.5 GHz to 2 GHz range. Before
constructing the cavities, we performed numerical simula-
tions with different electromagnetic codes to optimize the
design. We have now constructed 2 cavities which are cur-
rently being used to characterize the material properties
of BaSrTiO, at high frequencies. A picture of one of these
cavities is shown in Figure 2. The cavities that we have de-
signed are novel, because they can be used to measure the
high frequency properties of both the thin materials and
the bulk ceramic. Previous resonant cavity techniques for
BaSrTiO, can be used only on materials that have been ma-
chined to a specific shape and size. We are ordering a com-
mercial material with high permittivity to test our cavities.

We have gained theoretical understanding of the potential
improvement that thin materials can bring to Nonlinear
Transmission Lines (NLTLs). Simulations indicate that un-
wanted transverse modes develop when using thick ceram-
ics. We are developing an analytical model of this effect,
and have made improvements on our ability to realistically
simulate NLTLs with the Electromagnetic code Remcom.

Figure 1. The thin BSTO dielectric will be sandwiched be-
tween two zircon laminiates, which have low dielectric con-
stant and are used only for mechanical support.

Figure 2. This is a picture of one of the resonant cavities be-
ing used to measure the high frequency (0.5 - 2 GHz) prop-
erties of BSTO.

Future Work

The objective of this project is to develop a transforma-
tional technology for the fabrication of ultra thin non-lin-
ear dielectrics. This has the potential to create a new para-
digm in the production of high power microwave devices.
It has long been recognized that BaSrTiO, materials could
have a revolutionary impact on the field of small, tunable,
high-frequency (> 1 GHz) microwave devices. However,
since the minimum permittivity that will have adequate
nonlinearity is 3000, a 1 GHz nonlinear transmission line
with high enough impedance to function as a practical
device will have dielectric components that are no more
than ~0.25 mm (250 um) thick. Conventional ceramic pro-
cessing methods cannot achieve these thin plates without
any significant camber or warpage. In addition, 250 um
thin plates are too fragile to withstand the handling, metal-
lization, and bonding process. Both “thin film” and “thick
film” techniques have their inherent limitations. Due to
these limitations in conventional ceramic processing the
progress in high power microwave generation with solitons
has been limited.

What has been lacking is a novel processing method to
fabricate ultra thin BaSrTiO, plates on the order of 250 um
thick with low cost, high performance, and a fast produc-
tion rate. Two innovative approaches are proposed to over-
come the extreme difficulty in making ultra thin dielectric
plates. One of the novel ideas is a direct tape laminating
method. This process integrates the tape casting process
and the tape laminating technology. The other novel idea
is to integrate the spin coating technique using the BaSr-
TiO, slurry and the tape laminating technology. The new
dielectric laminates will be extensively measured to verify
the performance of the laminates and to down select the
better method. A short non-linear transmission line (NLTL)
will be constructed to demonstrate the applicability of the
laminates.

Conclusion

The goal of this project is to overcome a significant barrier
in the field of nonlinear applications of BaSrTiO,. In par-
ticular, this technology will revolutionize NLTL RF sources,
and will open up new applications in HPM non-lethal
weaponry, which all of the branches of the military have
shown interest in. An HPM nonlethal weapon can be used
for vehicle stopping and for the disruption of weapons and
communications systems. These laminates will also have
applications in a variety of RF tunable devices, including
tunable filters, phase shifters, and tunable dielectric reso-
nators.
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Introduction

The remarkable optical properties and tunability over
visible wavelengths of plasmonic nanostructures make
them attractive candidates for enhancing the perfor-
mance of photovoltaic (PV) devices. Measureable im-
provements in performance and efficiency of inorganic
semiconductor-based PV devices have been observed by
placing plasmonic nanostructures on either their front or
back surface. Ideally, plasmonic nanostructures should
be embedded into the active p-n junction in PV devices
to achieve new, higher levels of efficiency. We intend to
investigate new mechanisms for enhancing PV efficiency
by embedding plasmonic nanoparticles at the p-n junc-
tion in InGaN-based semiconductor PV devices whose
tunable bandgaps cover nearly the entire solar spectrum
making them ideal materials for high efficiency hybrid
PVs. In this project, we propose to merge conventional
PV semiconductor device architectures with advanced
metal nanoparticle (NP) synthetic techniques to pro-
duce enhanced PV devices with superior performance
characteristics. Our overall target is to create the first PV
devices with plasmonic NPs buried at active semicon-
ductor p-n junction interfaces with tailored properties
for higher conversion efficiencies. These PV devices will
take advantage of near field interactions to manipulate
their local electronic fields resulting in enhanced perfor-
mance. The fundamental advances in materials science
and photophysics made through this work will drive the
development of novel PV device architectures that far
out perform current implementations.

Benefit to National Security Missions

The planned work will directly impact LANL's emerg-
ing core missions in energy and materials science. The
fundamental insights into plasmon-exciton interactions
and their direct manipulation will be of broad interest
to both the nanomaterials and optoelectronics com-
munities. Applying principles from the emerging fields
of plasmonics and photovoltaics based on InGaN alloys,
this work is poised to have direct implications on the
next generation of PV technologies that are of significant
interest to energy independence, national security, and
environmental missions that are ongoing at LANL and

the DOE complex. Direct impact in LANL threat reduction
and energy security missions via applications in sensing
and improvements in semiconductor-based energy har-
vesting materials are expected. This project will position
LANL for numerous external follow-on funding calls from
various agencies.

Progress

For this project to be successful, 3 key goals have to
be established and then carefully integrated together.
These three areas are InGaN film growth, nanoparticle
synthesis and deposition, and device fabrication and
testing. During the first year of this project we have
made excellent progress in these key areas so that we
can begin to smoothly integrate them towards the end
of this first FY, and continuing into the the second FY.

For the InGaN film growth thrust, the most important ca-
pability that needs to be demonstrated is the creation of
p-n junctions for InGaN films over the range of In com-
positions (0% - 35%) having optical bandgap energies
overlapping with the plasmon resonance energies (400
nm - 650 nm) we wish to study. To date, we have dem-
onstrated growth of n-type and p-type InGaN films that
have appropriate electrical, crystallographic, and optical
properties. The most difficult aspect of this work is opti-
mizing the appropriate electrical properties of the films.
Most InGaN films grown by conventional techniques in
the high end of the In composition range we require for
this work (In > 30%) have residual n-type carrier concen-
trations that are too high both for straightforward p-type
doping with Mg (a common dopant for these materials)
and for the creation of good quality devices. Following
the success in growing individual n- and p-type films, we
have begun creating p-n junctions of these films and the
first set of these structures are in the process of being
micro-patterned into devices for testing.

For the nanoparticle synthesis and deposition thrust, we
have successfully synthesized a variety of metal and met-
al oxide nanoparticle geometries. These include Au, Ag,
and Au-SiO2 nanoparticles that range in size from 10nm
up to 150nm in diameter. These size ranges and compo-
sitions exhibit surface plasmon resonances throughout
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the visible-near IR energy ranges and overlap well with the
bandgap energies of the InGaN films. We are investigat-
ing the ideal nanoparticle deposition technique. Initial
attempts to deposit Ag nanoparticle solutions on InGaN
films using a modified scraping technique have resulted in
homogeneous submonolayer nanoparticle films that are
approximately 10% surface coverage. These are ideal ini-
tial nanostructured films to begin InGaN overgroth studies.
In parallel, we have set up a nanoparticle spray booth and
are in the process of getting all required IWD documenta-
tion before attempting to make nanoparticle films via this
method.

Device fabrication and testing has begun with initial pat-
terning of n-type InGaN films performed to obtain the
necessary processing parameters that will be required for
the fabrication of test structures. Reliable protocols for
lithography and plasma etching of the films have been
established. While the processing required for device fab-
rication for this project is relatively straightforward, it is
still necessary to establish and verify a reliable processing
scheme. We are also acquiring a semiconductor analyzer
that will allow us to evaluate our plasmonically enhanced
p-n junctions. Important parameters we can measure that
need to be studied to evaluate our plasmon-enhanced
photo-junctions include open-cicuit voltage (Voc), short-
circuit current (Isc), Max Power output (Pmax), Fill factor
(FF), System efficiency (Rsh), and Quantum Efficiency (QE).
Evaluating these parameters in our prototype devices will
allow us to measure the enhancement in PV efficiency ex-
pected for embedded plasmonic particles at semiconduc-
tor p-n junctions, the overall goal of this project.

Overall, this project is proceeding along the expected time-
line. The ground work required in each of the three thrust
areas identified above has been successfully completed

on schedule. We expect a rapid acceleration of work as
we begin to integrate these efforts together in the coming
months.

Future Work

The fundamental photophysical properties of nanostruc-
tures embedded at semiconductor interfaces are a pristine
research area where significant advancements will facili-
tate extraordinary optoelectronic properties. The primary
limiting factor of these nanostructure architectures has
been the successful fusion of high-quality, low tempera-
ture thin film growth techniques with chemically synthe-
sized, uniform, optically active nanomaterials. The work
involves using a unique combination of fabrication and
synthetic capabilities at LANL to produce novel PV designs.
Plasmonically active NPs will be produced by colloidal syn-
thetic techniques. The most rudimentary particle designs
will involve colloidal Au and Ag that are prepared using
standard wet chemical synthetic techniques allowing plas-
mon excitation across much of the visible spectral region
(400nn to 600nm). Increasing the particle complexity using
nanoshell particles will allow access to a wider range of

plasmon energies. These materials will then be deposited
on a n- or p-type semiconductor surface that will subse-
qguently be overgrown with the oppositely doped analog,
creating devices with plasmonic nanostructures embedded
at a p-n semiconductor junction. The targeted semiconduc-
tor system for this work will be the InxGal-xN ternary alloy
system. This important semiconductor system has a tun-
able direct bandgap ranging from 0.7 eV (1800 nm) to 3.4
eV (365 nm), a range that encompasses nearly the entire
solar spectrum. In order to take full advantage of plasmon-
semiconductor interactions, the resonance frequency and
the semiconductor bandgap need to be carefully chosen
and optimized to yield the maximum enhancement. Our
prototype plasmon-PV devices will be tested under simu-
lated solar illumination to probe the influence of the plas-
monic nanostructures on PV efficiency. Prototype devices
will be tested by creating simple mesa structures that ex-
pose both the p and n regions of the device for subsequent
electrical contact.

Conclusion

Our plan to place plasmonic nanostructures specifically

at a semiconductor interface is largely unexplored, repre-
senting a new method for improving the performance of
PV devices. While there has been growing interest over
the last several years in creating enhanced PV devices
with plasmonic nanostructures, there are few reports of
successful embedding of plasmonic nanostructures at a
semiconductor junction. Our unique ability to synthesize a
wide range of plasmonic NPs and embed them at the p-n
junction in InGaN semiconductors of varying bandgaps will
greatly increase our fundamental understanding of the
nature of embedded plasmonic NPs at semiconductor p-n
junctions.
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Introduction

This project is developing novel DNA based aptamers

to function as catalysts to hydrolyze organophosphorus
(OP) compounds such as OP nerve agents. As enzyme
mimics, these catalysts are not designed to hydrolyze
the phosphorous-fluorine bond of the OP agents; rather,
they specifically target other phosphorous bonds, such
as P-O, P-S, or P-N for breakage leading to an unstable
intermediate that will rapidly decompose. Our approach
allows a universal capture and breakage of bonds to
phosphorous found in all chemical weapon agents
(CWAs) as well as all related OP toxic industrial chemi-
cals and materials (TICs/TIMs) such as pesticides. The
development of this robust toolbox, which specifically
targets bonds for catalytic breakage, has important rami-
fications for the chemical and pharmaceutical industries,
for therapeutic applications, and for our fundamental
understanding of biological catalysis. A long standing ob-
jective for bioorganic chemists has been to understand
the role that molecular conformations play in enzyme
catalysis and this project will advance this understand-
ing. The current unifying picture of enzyme catalysis
invokes an ensemble of coupled conformational states
that are altered as ligand binding and catalysis occur
through a ‘catalytic network’. Thus, a multi-dimensional
free-energy landscape, which requires multiple sequen-
tial intermediates, is necessary for efficient catalysis

to occur. Each intermediate on the reaction pathway is
associated with an ensemble of conformational states
producing parallel reaction paths. The enzyme-substrate
complex induces structural reorganizations as the reac-
tion proceeds through the critical transition state to
product and although this process appears intuitively
reasonable, such a chronology has not yet been ef-
fectively utilized to design enzyme mimics that target
specific bonds in a molecule and catalytically break the
targeted bond in an efficient manner, vide infra, an en-
zyme. Our evolved aptamers are designed to produce
the required structure and reorganization leading to ef-
ficient catalytic hydrolysis, just like an enzyme (enzyme
mimic or aptazyme). Systematic evolution of ligands

by exponential enrichment (SELEX) is an in vitro selec-
tion technique that utilizes combinatorial chemistry to

produce nucleic acid ligands with high binding affinity
and specificity toward a desired target. The attraction

of nucleic acid-based combinatorial chemistry lies in its
potential for amplification and directed evolution. Mim-
icking the process of natural selection in the laboratory
setting, repeated cycles of selection for specific high-
affinity binding with increasing stringency, followed by
PCR (polymerase chain reaction) amplification can lead
to the isolation of oligomers ‘evolved’ to bind tightly
and selectively to a target of choice. These selected
aptazymes will have a demonstrated affinity for their
targets and break only specifically targeted phosphorous
bonds. Nucleic acids have played a significant role in the
early evolution of life with their specific abilities to make
and break phosphate bonds and it is this functionality
that we are enhancing. By utilizing combinatorial tech-
niques to develop nucleic acid constructs with effective
conformational structures for binding, catalytic breakage
of a targeted bond that mimics an enzyme active site
with its concomitant rate acceleration will be achieved.
This project also addresses a critical LANL mission by
developing a new technical means to reduce the global
threat of existing and emerging CWAs and thwart terror-
ist attacks that might employ them by providing a tool to
re-mediate an exposure event.

Benefit to National Security Missions

The development of technologies that allow for the
rapid and specific identification/elimination of chemi-
cal threat agents in the environment and mitigation of
adverse effects on exposed individuals are essential for
threat reduction. A primary mission goal of the Labora-
tory is to develop the technical means to reduce the
global threat of existing and emerging chemical and
biological weapons of mass destruction and to thwart
terrorist attacks that might employ them by providing
the necessary science and technology. Consequently, de-
velopment of effective countermeasures to CWAs, TICs,
TIMs, and related compounds are critical to LANLs non-
proliferation activities and mission to prevent or reduce
the capability for rogue nations or terrorists to do our
nation harm. The application of our systematic, iterative,
computationally driven, coupled experimental approach
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has the potential to provide new tools for the discovery of
enzyme function, a problem at the core objective of under-
standing Complex Systems of biological function.

Progress

Four key accomplishments of this project have been made
during this past, first year of the ER project. The first ac-
complishment was the design and implementation of

a synthetic route to a phosphonate compound that is
coupled to a polyethylene glycol linker that ends in a bio-
tin moiety. This was required in order to select a specific
phosphorous-ligand (oxygen, sulfur, or nitrogen) bond that
will be selectively hydrolyzed by the DNA aptamers. The
initial target molecule is a phosphonate that contains the
P-O-LB bond linkage. The oxygen is connected to both the
phosphorous and the polyethylene glycol linker that ends
in a biotin moiety (LB). The biotin moiety is required to
bind to streptavidin that is attached to a solid support and
this binding will remove all of the DNA aptamers that do
not hydrolyze the target P-O bond. Any aptamers that suc-
cessfully hydrolyze the target P-O bond will be recovered
for subsequent amplification. On the other side of the
phosphorus containing molecule, the DNA aptamer library
is attached to the phosphorous through another polyethyl-
ene glycol linker (PGL) through an alkyl bond to the phos-
phorous (PGL-C-P). The PGL-P bond is not hydrolysable.

The second key accomplishment was the synthesis of the
complete phosphonate that contained polyethylene link-
ers on both sides of the molecule, with one ending in the
biotin and the other ending in an azide functional group
(N3-PGL-C-P-O-LB). Thus, the complete complex construct
can now be attached to the DNA aptamer library using
copper mediated click chemistry to produce DNA-Library-
CCN-PGL-C-P-O-LB.

The third key accomplishment was design and synthesis
of the DNA aptamer library terminating in an alkyne moi-
ety for the click coupling to the azide terminated moiety
containing the phosphorus described above. Additionally,
the primer molecules for PCR amplification of the selected
DNA aptamers were also designed; however, additional
design work in this next year is anticipated in order to op-
timize the amplification of aptamers that show hydrolytic
activity.

The fourth key accomplishment was a redesign of the
selection strategy to take advantage of temperature as a
selection stringency parameter and to eliminate the cross-
linking interactions caused by high density placement of
the complete complex construct (DNA-Library-CCN-PGL-C-
P-O-LB) on a streptavidin-linked solid support. If the com-
plex constructs are too close together they can interact,
possibly causing an adjacent DNA aptamer to hydrolyze

its neighbor phosphonate rather that the phosphonate to
which it is attached. This could add aptamers that are not
truly competent with correct conformations to the pool of
successful aptamers. Initially, the solid support design was

going to be constructed with sufficient spacing to avoid
this problem. While we are continuing with this approach,
we will also use dilute solutions of the DNA aptamer li-
brary complexes first heated to ~80 deg C to denature the
aptamers followed by metal addition and then cooling to
allow the DNA aptamers to refold. In dilute solution they
will not interact with their neighbors as they can on the
solid support. Again, only the DNA aptamers that hydrolyze
the P-O bond will survive and pass through a streptavidin
column allowing recovery and subsequent amplification
of the desired aptazyme. Additionally, this approach will
allow us to shorten contact times selecting for the fastest
reaction times and we will be able to use temperature to
select for the most robust folding aptazymes.

Future Work

Aptamers are nucleic acid binding species capable of rec-
ognizing a wide range of target molecules and biological
structures with varying conformational flexibilities and we
will look at additional targets as the project progresses.
Isolated from our high diversity combinatorial libraries of
synthetic nucleic acids by a rapid iterative selection pro-
cess, we will select aptamers for effective binding recogni-
tion as well as a designed catalytic function (enzyme mimic
or aptazyme) for multiple classes of phosphorus bonds.
After we have completed our first selection protocols to
hydrolyze the initial target P-O bond, we will construct ad-
ditional phosphorus targets with P-S and P-N bonds and
select optimum aptazymes for these specific bonds. We
anticipate generating three aptazyme classes that function
on P-0, P-S, and P-N bonds. This represents all classes of
CWAs and pesticides and we will demonstrate that the se-
lected apatazymes are efficient catalysts to hydrolyze these
compounds. To enhance aptamer capabilities, synthetic
chemistries for modifying nucleotides will also be used to
increase the potential of aptamers for binding, catalysis,
and stability.

Conclusion

The expected results are aptazymes that show specific,
rapid hydrolysis of CWAs, TICs, and TIMs and an under-
standing of the structure/conformation-activity relation-
ships necessary for catalysis. The aptazyme function and
structure diversity will be sequenced and the evolution of
enzyme function related to mechanistic studies by NMR
and computational studies. This integrative approach will
yield novel insight into the mechanism of designed en-
zymes for organophosphorous hydrolysis, as well as struc-
tural and chemical constraints. In combination with mo-
lecular modeling the experimental results will provide an
innovative means of furthering our understanding of CW
aging, biological processing, and enzymatic hydrolysis.
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Introduction

The research outlined in this project concerns the de-
velopment of catalysts capable of supporting the con-
version of dinitrogen (N,) to ammonia (NH,) under mild
conditions using the Earth-abundant metal iron (Fe).
Largely due to the demands of food production, indus-
trial generation of NH3 consumes more than 1 % of the
world’s energy output as a result of the energetically
intense conditions employed. Enzymatic NH3 production
occurs under ambient temperature and pressure, and
translation of this efficiency to a synthetic system would
significantly decrease energy production demands. We
aim to pursue this goal through a heretofore unexplored
reaction manifold designed to maximize N, activation
and minimize the number of intermediates necessary for
NH3 production. The interdependent use of experiment
and theoretical calculations will be used to realize the
secondary objectives of advancing scientific understand-
ing of N, functionalization and probing the boundaries
thereof, understanding the effect of varied electronic
structure on N, reactivity, and exploring new Fe coordi-
nation chemistry

Benefit to National Security Missions

The energy impact of industrial NH3 production is a
national and global issue. An effort to ameliorate it by
using well-defined catalysts based on abundant and in-
expensive metals to decrease its energy requirements
intimately meshes with the Laboratory’s Energy and
Earth Systems Grand Challenge and missions in energy
security. Results from the research contained in this pro-
posal have the potential to lay the groundwork for fu-
ture funding through the DOE as well as garner interest
from corporate partners interested in continuing work
on commercially applicable solutions. Advances in this
area are also of significant basic scientific interest and
would serve to raise the Laboratory’s profile in sustain-
able energy research and attract talented investigators in
the field to LANL.

Progress
Within the first year of this project, we have made excel-
lent progress in the preparation and characterization of

a series of iron complexes pertinent to the goals of this
proposal. We have utilized molecular modeling to guide
our design of tridentate phosphine (triphos and triphos’)
ligands capable of supporting the bridging dinitrogen
complexes that we are targeting as catalytically relevant
intermediates for NH3 production. We have taken the
results gleaned from the predictive modeling into the
laboratory and have already demonstrated success in
the synthesis of targeted molecular species.

In this regard, we have isolated the divalent Fe precur-
sors (triphos)FeX2 (X = Cl, Br) and have subsequently
carried out reduction chemistry to reduce the Fe(ll) to
monovalent Fe complexes e.g. (triphos)FeBr,. We have
characterized this particular molecule via a single crystal
X-ray structure.

A major target in the context of the proposed work is

to be able to isolate, characterize and probe reactivity
of zerovalent complexes containing Fe-N_-Fe linkages.
To this end we have studied several routes towards the
synthesis of such complexes. In the hope that we could
isolate such an iron complex, we investigated the use of
a commercially available zerovalent Fe complex in the
form of Fe(COT)2 (COT = cyclooctatetraene) and reacted
this with the triphos liagnd in the presence of N,. In this
case, an N, adduct was not isolated, but rather an inter-
esting zerovalent Fe complex i.e. (triphos)Fe(COT). A sim-
ilar species was isolated with the related triphos’ ligand,
and some interesting differences in the reduction of the
COT ligand within these two compounds were observed,
as were those of the spin states of the iron centers

Reaction of the divalent iron compound (triphos)FeCl,
with sodium tetraphenylborate (NaBPh,), results in the
formation of a green cationic species [(triphos)FeCl]BPh4
which can subsequently be reduced with K/C8 under

N, to indeed yield a very interesting molecule molecule
containing zerovalent iron centers and a bridging N, li-
gand, i.e. (triphos)Fe-N,-Fe(triphos), a desired target. A
single crystal X-ray structure determination of the com-
plex reveals that the Fe-N distances within this molecule
are short and the N-N distance is quite long (compared
with free N2). We are currently working on gathering
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other spectroscopic characterization on this molecule that
will speak to the nature of the N-N interaction; however
qualitatively speaking, these features that are consistent
with a metal promoted weakening of the bonds between
coordinated nitrogen atoms. This is a very promising ob-
servation, in that to access another of the key synthetic
targets i.e. an iron nitride moiety (Fe=N), the bridging N2
unit in such a complex has to be cleaved in half. The isola-
tion of this complex thus represents what we believe to be

a significant discovery in the context of the proposed work.

There are very few examples of such molecules that have
been structurally characterized, and the structural features
of this particular example lead us to believe that this could
represent a general class of molecules with important
ramifications in developing lab scale demonstration mild
catalytic routes for the reduction of N2 to NH3. The use of
theory is helping us understand the electronic structure
and bonding characteristics within the Fe-N-N-Fe core of
this and related molecules.

We are currently investigating electrochemical methods
to characterize the ability of these complexes to undergo
electron transfer reactions (these will also be required to
effect a catalytic cycle to convert N2 into NH3). Current
work is also focused on the isolation of nitride contain-
ing species supported by such tripodal phosphine ligands,
and the isolation of Fe containing intermediates that “lie
between” the functionalities of bridging N2 and nitride
ligands in terms of reactivity are also being targeted. We
are also working on the synthesis of a number of differ-
ent versions of the triphos ligand, in particular on varying
the sterics within the phenyl ring of each phosphine arm.
This will allow for “tailoring” of the cavity in which the N2
ligand sits and also the propensity for cleavage of the Fe-
N2-Fe moiety towards Fe=N unit formation.

Future Work

Biological and industrial N2 fixation are the processes

by which one of the most inert molecules known (N2) is
transformed into a bioavailable nitrogen source (NH3).
NH3 is then used as the sole building block for all nitrogen-
containing biomolecules, rendering this transformation
essential to sustaining life on our planet. The Haber-Bosch
process for NH3 synthesis is currently carried out on an
enormous scale and requires pressures of approximately
200 atm. and temperatures as high as 500 °C. This brute-
force, high-energy input solution to N2 fixation accounts
for about 50 % of the nitrogen atoms present in all human
beings and consumes more than 1 % of the world’s energy
output. Development of an NH3 production process at or
near ambient conditions would undoubtedly help curb the
negative environmental impacts of the Haber-Bosch pro-
cess, which is run on the order of 108 tons per year.

If this chemistry is to be applicable on a large scale, first
row transition metals will be required to carry this out.

We have thus targeted iron (Fe) compounds for this pur-
pose. Studies will commence with the ligation of soluble

Fe halide precursors using tripodal N-heterocyclic carbene
ligands (i.e. ligands that we believe to be suitable for sup-
porting, N2, nitride (and intermediate fragments) on an Fe
center. Reduction of the Fe halide starting materials under
an atmosphere of N2 will then be investigated in order to
access a bridging-N2 Fe(0) dimer, the direct formation of
an Fe(lll) nitride complex, or an equilibrium between the
two. These are species that will have to be accessed in
order for the substrate reduction chemistry to function.
Characterization and identification of reaction products
and intermediates and mechanistic study of their intercon-
version en route to N2 reduction will be achieved using a
variety of physical techniques in tandem with theory.

Conclusion

Developing a process to affect the low cost reduction of N2
to NH3 under mild conditions remains a major challenge

in the field of modern chemistry. Although the fundamen-
tal chemistries of this transformation have been demon-
strated, an economically viable catalyst system that also
exhibits reasonable turnover numbers has thus far been
elusive. The research we have proposed will both advance
our fundamental knowledge about the stepwise reduction
of N2 at a cheap and abundant transition metal center and
lay the groundwork for a less energy intensive NH3 produc-
tion scheme than the current Haber-Bosch process.
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Introduction

Little experimental or theoretical attention has focused
on solid/fluid interfaces at high pressure and tempera-
ture (P-T) because relevant experimental and theoreti-
cal techniques are not widely available and/or such
techniques are difficult to implement at elevated P-T.
Neutron reflectometry (NR) [1, 2] represents a power-
ful technique for examining fluid properties, particularly
density, near interfaces at high Ps because of the ability
of neutrons to penetrate high P-T cells and because of its
sensitivity to hydrogen.

In NR an unpolarized neutron beam (wavelength 1.5 to
16 angstroms (A)) is directed at a solid/fluid interface

at a glancing angle and a range of momentum transfer
vectors (Q ) are measured. Such measurements provide
information on changes in fluid density within a few doz-
en A of a solid/liquid interface. At Los Alamos Neutron
Science Center (LANSCE), the Surface Profile Analysis
Reflectometer (SPEAR) beamline provides advanced NR
capabilities to study solid-liquid interfaces.

Carbonate interfaces have been extensively investi-
gated during past decades at room P-T. Such studies
have included: titration investigations of zeta potentials
and points-of-zero-charge [3], surface probe studies in
vacuum such as atomic force microscopy (AFM) [4] and
x-ray photon spectroscopy (XPS) [5] to examine kink sites
and phase growth mechanisms, and synchrotron-based
methods such as x-ray reflectivity [6, 7] and x-ray absorp-
tion fine structure [8] to probe surface chemistries. Sur-
faces are hydrated in aqueous environments, but details
of the hydration layer remain controversial.

Computational chemistry studies of calcite (CaCO,) in-
terfaces at room P-T have included molecular dynamics
(MD) [9] and density functional theory (DFT) simulations
of processes [10]. Initial MD results suggested a calcite
surface hydrated by adsorption of a monolayer [9] and
with a single water molecule associated with each ex-
posed Ca?* at a distance of ~ 2.4 A. More recent DFT

and MD simulations [10] suggested surface hydration
layers on calcite with water molecules at 2.2 and 3.2 A.

Calculated orientations and positions of protons in the
absorbed layer differed between theoretical studies —
this question may be answered by new theory combined
with neutron studies, which are sensitive to hydrogen
(deuterium) on surfaces.

Benefit to National Security Missions
Processes at carbonate-fluid interfaces control a wide-
range of phenomena of crucial importance in energy/
environmental applications. Calcite, in particular, is
important in many energy/environmental applications.
Sorption on calcite is postulated as a method of con-
taminant/radionuclide immobilization, calcite colloids
may be crucial in plutonium mobilization in repository
environments, calcite buffers the pH of fluids prevent-
ing contaminant mobilization, and, most importantly,
precipitation/dissolution of calcite is a key process dur-
ing geologic sequestration of CO,. Processes at calcite/
fluid interfaces control how calcite will interact with
mixed-volatile (H,0-CO,) subsurface fluids. These ener-
gy-related processes occur at depths in Earth’s crusts up
to several kilometers (Ps of up to 30,000 pounds-per-
square (psi)), where Ts are high (several 100 C). At these
extreme P-T, which are above the critical points of CO,
(31 C, 1070 psi) and H,0 (374 C, 3200 psi), the physical
chemistry of calcite-fluid interactions may change from
room P-T, where the majority of studies have been com-
pleted. If we are ever going to be able to predict and
ultimately control calcite/fluid interactions, we must de-
velop a fundamental microscale understanding of such
interactions based on both experiments and theory. Pro-
cesses at mineral/fluid interfaces are also analogous to
processes at material interfaces under the influence of
fluids under extreme conditions; techniques developed
to understand mineral interfaces at high P-T are appli-
cable to material systems relevant to energy security.

Progress

This project has focused on three tasks: 1) P-T cell con-
struction; 2) development and application of new NR
methods; and 3) novel applications of theoretical meth-
ods to the calcite/fluid interface.

182



P-T Cell Development

We designed and built a high P-T cell for NR measurements
from ambient conditions to 200°C and 30,000 psi (Figure
1). This cell allows experiments to be conducted at simulat-
ed crustal conditions up to 6 km depth, which are relevant
to deep oil and gas fields or to geologic carbon sequestra-
tion. The cell is constructed of anodized aluminum, has

a piston-based P system to allow fluid to be equilibrated
with samples at extreme P-T, and contains powder wells

to enable saturation of experimental fluids with phases at
high P-T. Pressure is generated by a hand pump and T can
be precisely controlled using conductive heating inserts
and thermocouples connected to a proportional-integral—
derivative T controller. We have tested the cell up to a P of
15000 psi and T of 200C.

30,000 psi, 200C REFLECTOMETRY CELL
connect to safety valve

crystal chamber

neutron window—

Figure 1. Cross section of NR P-T cell without powder wells.
Cell diameter is 5 inches.

NR Experiments

The most significant challenge in designing NR experiments
for mineral systems at high P-T is obtaining large enough
(> 1 in.square), flat enough (< 10 angstrom (A) roughness)
surfaces for NR interrogation. We explored cutting and
polishing natural, gem-quality crystals of calcite as well as
cleaving these crystals using a custom-made cleaving de-
vice. Crystals with either adequate roughness or adequate
surface area, but not both, were produced and character-
ized using surface profilometry, and x-ray and neutron
reflectometry. An alternative method of calcite surface
preparation — chemical vapor deposition (CVD) [11] — was
also attempted. CVD was able to produce large (2 in. diam-
eter), flat (~ 3 A roughness) surfaces on amorphous silica
and monocrystalline Al O, substrates.

The CVD- calcite-coated disks were analyzed using LAN-
SCE’s SPEAR instrument, a Time-Of-Flight (TOF) neutron
reflectometer with a wavelength range from 4.5 A to 16
A. A deuterium oxide/water mixture was used to highlight

density differences at the calcite interface. Figure 2 shows
a NR spectrum of calcite/deuterated water at ambient
conditions showing interference ‘fringes’ indicative of a
density anomaly at the calcite interface. Preliminary fits of
these data suggest a 30 A thick anomalous density layer
that is ~ 6.4% denser than bulk water. This represents the
first ever observation of structured water at a mineral/fluid
interface using NR.

ot k. .
Structure water on ealeite surface

O Meutron Refectivity
— Bestfit

5.5

Bulk Water
sLo et A

5.0

Calcite
1E-4

Thickness |A]

Figure 2. (Left) NR in the form of R (reflected neutron in-
tensity/incoming neutron intensity) vs. Qz from calcite de-
posited on corundum in contact with a D20/H20 mixture
matched in scattering length density (SLD) to calcite. The
data are represented by open circles and the solid lines rep-
resent the data fit and yield the (right) best-fit SLD profile.

Theoretical Modeling of Carbonate Interface/Fluid
Processes

The theoretical investigation of the calcite/water system
focuses on both static and dynamical properties of the sol-
id/liquid interface. Since NR can probe the water density
profile near the calcite surface, it would be useful to have
simulation data to compare with the NR data. Initially, MD
simulations were used to model the system. We adopted
the empirical force field developed by Raiteri et al. [12],
which provides reasonable accuracy in predicting calcite
structure and the interactions between calcite and water
molecules. Water oxygen and hydrogen density profiles as
a function of vertical distance from the calcite (1014) sur-
face were calculated for various P-T conditions (Figure 3).
The first three peaks in the oxygen density curves (about
2.0, 3.5, 4.8 A above the surface) elucidate water structure
near the interface. In the P-T range of interest, there is no
significant shift in the peak positions. However, the inten-
sity of peaks decreases with T indicating the population of
ordered water molecules decreases at high T. The width
and the relative intensity of those peaks also show slight
changes at high T, which could imply a difference in water
structure. The orientation of the water molecules near
the surface was also studied. The results show that water
molecules in the first three layers exhibit preferred orienta-
tions.
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Figure 3. Densities calculated based on oxygen (left) and
hydrogen (right) as a function of vertical distance from the
calcite (1014) surface for different P-T conditions (blue: 300
K at 1, 500 and 1000 atm; green: 500 K at 1000 atm; red
700 K at 1000 atm). Density values are rescaled to corre-
sponding water densities in units of g/cm3.

We are also interested in the dynamics at the calcite/water
interface. Our preliminary calculations using dimer search,
nudged elastic band methods, and regular MDD simulations
have shown that a dry calcite (1014) surface is stable at Ts
to 800 K. In an aqueous environment, the surface becomes
less stable due to the interactions with water molecules.
We found reactions, such as dissolution and diffusion of an
extra CaCO, unit deposited on the surface or penetration
of water molecules into the surface (at 526 C (800 K),
14,700 psi (1000 atmospheres)), can easily occur in a
regular MD simulation

Future Work

In the coming year the project will focus on: 1) Pressure
cells — testing the new cell to higher P (30,000 psi). Inves-
tigating designs for higher T cells using different alloys. 2)
NR experiments — extending experiments to elevated P-T
and a broader range of fluid compositions. Characterizing
CVD samples both prior to and after experiments. Explora-
tion of CVD deposition methods for other carbonates. 3)
Theory - Complex phenomena observed in experiments
such as humidity-induced restructuring of the calcite
surface can take place at a time scale much longer than a
second. In order to simulate such slow dynamics, we need
accelerated molecular dynamics (AMD) methods to bridge
the time scale difference. Since the energy landscape of
the system is much more complicated in the presence of
water, problems such as frequent low barrier transitions
will greatly reduce the efficiency of the current AMD
scheme. The challenge and the next step of our work is to
find a suitable method, which can handle those complex
situations and to push the simulation toward longer
timescales.

The molecular modeling methods will be applied to the
interpretation of NR and other data, and the resultant fun-
damental understanding of rate constants and mechanisms

will inform larger-scale models of processes relevant to
energy systems such as geologic carbon sequestration. The
experimental and theoretical tasks are synergistic; each
will refine hypotheses related to the other.

Conclusion

We will address hypotheses related to carbonate/fluid in-
terfaces in need of testing based on x-ray reflectometry re-
sults, data from other surface analytical methods, and the-
ory. We hypothesize interfacial densities will remain rela-
tively constant as P increases for end member aqueous flu-
ids but will increase with increased T and with decreased

P for intermediate fluid compositions. Higher interfacial
densities imply more hydrophilic behavior, hence lower di-
hedral angles and easier flow through porous media. These
results will provide key insights into flow dynamics of su-
percritical fluids in contact with carbonates and may pave
the way for controlling subsurface flow dynamics.
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Introduction

We plan to develop a new radiation dosimetry method
with high specificity and high sensitivity for X-ray and
gamma radiation that is specifically suited for personal
dosimetry and long dwell time applications. This pro-
posal may also be extended and applied to neutron
dosimetry and detection. The work takes advantage of
a recently developed class of functional polymers that
have been called “self-immolative” polymers. The de-
fining feature of self-immolative polymers is that the
polymer backbone, and in some cases the polymer side
chains, can be completely depolymerized in a controlled
manner when subjected to a single triggering event.
[1,2] The depolymerization of the polymer backbone in
addition to the side chains can be engineered in such a
way that a large number of copies of a single “reporter”
molecule are released after a triggering event. These
polymers can be constructed of masked fluorescent
monomers that “turn on” once the polymer has disin-
tegrated providing a positive signal response that is sig-
nificantly amplified as a single event releases all of the
monomer units in the polymer. The amplification in this
system is limited only by the number of reporter units in
the polymer which can vary from 10-1000 (giving a sig-
nal amplification of several orders of magnitude).

For this proposal we have designed a system in which
scintillating nanoparticles are imbedded in a composite
material which also contains the “masked fluorescent”
immolative polymers. The depolymerization of the poly-
mers is triggered by emission of light or electrons from
the nanoparticles when the composite is exposed to ra-
diation (see Figures 1 and 2).

A New Modality for Radiation Dosim-

Black Light

[Exposure to

cleaves

radiation
trigger
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Removal of the trigger causes polymer to
unzip and release individual molecules.

{ } —— Trigger

Polymer doesn't glow under black light when
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Individual molecules
released now glow
under black light.

Figure 1. Schematic of immolative polymer degradation
upon exposure to radiation.
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Electrons released interact with and cleave the trigger
group to give molecules that glow under black light.

Figure 2. Schematic of nanoparticle/immolative polymer
composite for radiation dosimetry.

Benefit to National Security Missions

This work will directly support existing laboratory pro-
grams in the development of new radiation detector
materials, as well as provide foundation resources for
the development of new radiation detector systems.
Our plan is to use the LDRD funding to perform high risk
research closely related to the basic science of radia-
tion detection. Using the results from this project as a
foundation, we will create several proposals in this area
and market them to new and existing sponsors. Recent
experience has demonstrated that sponsors including
DHS, NA-22, and DTRA are interested in supporting new
concepts at relatively high funding levels, but that initial
results, such as those obtained through LDRD projects,
are crucial in demonstrating the wisdom of a particular
approach. Under this strategy, a single LDRD-ER might
spawn two or three new external projects, depending on
what additional development is required for individual
applications.
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Figure 3. Proof of concept experiment. A model compound shows fragmentation when exposed to gamma-rays.

Progress

The initial phases of the project have involved a large
synthetic effort for the synthesis of model compounds,
immolative polymers, and scintillating nanoparticles. We
first prepared a monomeric model compound in order to
test the proof of concept of the project. That is, could we
initiate cleavage of a polymer system (a monomer in the
model case) using the response of scintillating nanopar-
ticles to gamma-ray irradiation. To this end a monomeric
immolative model compound with a picolinium trigger was
synthesized. In addition to the model compound we also
prepared lanthanum fluoride scintillating nanopaticles with
a cerium dopant. In the proof of concept experiment a
solution of the model compound and scintillating nanopar-
ticles was exposed to gamma-ray irradiation for 30 minutes
resulting in 7% fragmentation as measured by integration
of proton NMR signals. An additional proof of concept
experiment was carried out using a monomeric model
compound with a masked fluorescent reporter. When this
compound was exposed to gamma-ray irradiation in the
presence of scintillating nanoparticles, 18% fragmentation
was observed by NMR and a fluorescent compound was
produced (see Figure 3).

With the results of two successful proof of concept ex-
periments in hand we began the synthesis of gamma-ray
triggered immolative polymers which should show signal
amplification proportional to their molecular weight when
cleavage of the trigger is initiated. A synthesis based on
work published in the literature was developed and immo-
lative polymers with picolinium based triggering mecha-
nisms were prepared.[3] Polymers up to thirty repeat
units in length were produced using slight modifications of
the literature procedures. When a solution of this polymer
was subjected to gamma-ray irradiation in the presence of
scintillating nanoparticles no fragmentation was observed
in the NMR spectra. We surmised that impurities present
in the polymer solution (due to the difficulties of polymer
purification) led the the inhibition of the cleavage and/or
polymer fragmentation reactions.

In order to determine the root cause of the lack of frag-
mentation and have better analytical accuracy in doing so,

a plan was devised to synthesize a model polymer of 2 re-

peat units. To date, this model polymer has been synthe-

sized, however it has not yet been exposed to gamma-ray

irradiation. We anticipate that this experiment will be car-
ried out and that the results will available in short order.

In addition to the LaF, nanoparticles, we have recently
begun efforts to prepare other types of scintillating nano-
particles that may have better light yield and more appro-
priate emission wavelengths. For example, cerium doped
yttrium-aluminum-garnet (YAG) is a well know gamma-

ray scintillator. Recently, high pressure-low temperature
methods have been developed to produce nanoparticles of
this material.[4] We have acquired a high pressure reactor
system and are currently in the process of modifying the
synthesis of these particles so they can be employed in our
composite materials.

Based on the initial results of this effort and the potential
for signal amplification we have submitted several addi-
tional research proposals outside the laboratory including
proposals using immolative polymers for latent fingerprint
visualization, explosives detection, and as an aid to en-
hance photo-dynamic therapy in cancer treatment. We
anticipate that positive results from this ER work will en-
hance our efforts to further develop this work and obtain
support from additional funding sources outside the labo-
ratory.

To date, work on this project has not been published in
peer review journals, but some initial results were pre-
sented at the 241st National Meeting & Exposition of the
American Chemical Society (Anaheim, CA, March 27-31,
2011) in a talk titled “Release of chemical signal molecules
for gamma radiation detection: Electron transfer initiated
fragmentation of small molecules and self-immolative
polymers.” The talk was presented by David Kuiper, a post-
doctoral research associate who carried out the first syn-
thetic work on the project. We anticipate the submission
of a manuscript to a peer review journal within the next six
months.

Future Work
We are planning the development of self-immolative poly-
mers prepared with masked fluorescent monomers and
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terminated with a trigger which can be activated by light
emitted from a gamma ray or neutron scintillator upon
exposure to ionizing radiation. We have proposed two ex-
amples of a polymer / trigger combination, both of which
should be applicable to X-ray and gamma radiation and
one of which may be useful for neutron dosimetry.

The critical component of this project is the synthesis of

a self-immolative polymer(s) that fluoresces only when it
separates into its constituent monomer units. Upon devel-
opment of this structure and a photo-labile trigger, we will
functionalize multiple trigger mechanisms (chemical trig-
ger + scintillator) that are specific to multiple types of radi-
ation. The resulting polymer systems will be evaluated for
general radiation dosimetry properties including radiation
type specificity, minimum detectable dose, linear absorbed
dose response, and stability of the fluorescence signal. In
order to optimize these properties and attain the overall
goal of a new, highly sensitive radiation dosimetry method,
we will need to understand the underlying mechanisms at
each step of the process.

The task areas are 1) materials synthesis & structural char-
acterization, 2) properties characterization and 3) dosim-
etry perfomance. Materials synthesis includes developing
condensation polymerization approaches using monomeric
chromophores, coupling that to the photo-triggerable
capping group and formulating a nanocomposite with the
appropriate inorganic scintillator. This may also involve
functionalizing a polymerizable ligand onto the nanopar-
ticle to facilitate homogeneous dispersion in the polymer
matrix. Properties characterization focuses on assessing
photo trigger efficiency, polymer degradation rate and
overall fluorescence efficiency, chemical and thermal sta-
bility and reproducibility. This is in contrast to performance
characterization which will assess fluorescence output as a
function of dose and dose rate for pure X-ray and gamma
radiation.

Conclusion

Our overarching research goal is to develop a radiation
dosimetry method based on self-immolative polymers
that has a high sensitivity (low minimum detectable dose)
for X-ray and gamma radiation, long-term stability, and a
simple readout method. Eventually we hope to extend
this research to other types of radiation including neutron
dosimetry. Within this framework, we also will strive to
understand the energy transfer efficiency of the trigger-
ing process (radiation—>light->photo trigger), the trigger-
ing mechanisms and how they can be tailored to multiple
stimuli, the depolymerization process including ambient
environment effects and time constraints, and the optimal
readout process.
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Introduction

This project aims to develop new non-precious metal
catalysts for the reduction of CO,. The conversion of CO,
into fuels or chemicals could provide a renewable source
of non-petroleum fuels, but the catalytic technologies
required for this type of transformation are lacking.
Improved non-precious metal catalysts are needed to
reduce CO, under mild conditions. The objective of this
work is to investigate how altering the ligand framework
around a non-precious metal center could result in bet-
ter catalysts. Specifically, incorporating a tethered base
(proton acceptor) in the metal coordination sphere
could increase catalytic activity or enable new reaction
modes. A “non-innocent” ligand (one that participates
in the reaction) of this type could direct the flow of pro-
tons or hydrides in the catalytic reaction, causing the
reaction to occur more rapidly or to produce different,
more valuable types of products. The work will involve
the synthesis of a new family of metal complexes having
non-innocent ligands with tethered bases. The reactivity
of these complexes will be studied for the hydrogenation
of CO, and the electrochemical reduction of CO,.

Benefit to National Security Missions

New technologies enabling more effective use of re-
newable carbon feedstocks and clean energy sources
could have a transformative impact on domestic energy
security. Recently, the Office of Basic Energy Sciences
has highlighted the importance of new catalytic tech-
nologies for the reduction of CO, to fuels. This area is
critical to ensuring energy security and directly pertains
to the LANL Energy and Earth Systems Grand Challenge.
Production of fuels at remote bases is a high priority for
DoD, because of their need to reduce their logistics tail.

Progress

Carbon dioxide is an abundant potential renewable car-
bon feedstock, but the catalytic conversion of carbon
dioxide to fuels or chemicals is a major challenge. Sig-
nificant obstacles remain in the development of viable
transition metal catalysts for the reduction of carbon
dioxide, including the development of catalysts with
improved activities and selectivities, with greater stabil-

ity, or with inexpensive non-precious metals. New and
more effective earth abundant metal catalysts are need-
ed to convert carbon dioxide into chemicals and fuels
under mild conditions.

Incorporating a pendant base functionality into the li-
gand scaffold of earth abundant metal catalysts could
increase catalytic activity and give rise to new reaction
modes. This hypothesis is based on a concept called
metal-ligand cooperativity, in which the ligand and the
metal center work together to carry out the catalytic
reaction. Metal-ligand cooperativity could be especially
beneficial for base metals, which often display reduced
reactivity compared to their precious metal analogues.
This work aims to explore how ligands with a pendant
base could enhance the reactivity of earth-abundant
metals for the catalytic reduction of carbon dioxide.

Initial experiments have targeted the synthesis of new
ligands which have pendant base functionalities. Three
new ligands have been prepared which have phosphine
donor groups and nitrogen groups either tethered or

in the metal coordination sphere. The synthesis of Fe,
Co, and Ni complexes of the new ligands is underway. A
number of different Fe, Co, and Ni precursors have been
used for the syntheses, and several new complexes have
been isolated.

New cationic and neutral nickel hydride complexes have
been prepared using a bis-cyclohexyl-substituted phos-
phine ligand with an incorporated nitrogen base. The
nickel hydride complexes have been isolated, and at-
tempts to generate the alkyl analogues are underway.
The neutral nickel hydride complex reacts with carbon
dioxide and several other molecules with C=X multiple
bonds, but preliminary tests suggest that this complex

is not active for catalytic hydrogenation reactions. The
cationic analogue has also been prepared (which has a
protonated nitrogen). Evaluation and comparison of the
reactivity of the neutral and cationic nickel hydride com-
plexes is underway.

Future Work

Future work will focus on full characterization of the Ni
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complexes described above, as well as preparation of the
Fe and Co analogues. The reaction of the new complexes
will be studied with hydrogen and formic acid, and efforts
to hydrogenate substrates with carbon-oxygen double
bonds will continue, including carbon dioxide.

Conclusion

This project will provide a significant advance in our un-
derstanding of how non-innocent ligands having a pendant
base impact the catalytic reduction of CO,. It is expected
that the intentional incorporation of a base into the ligand
framework will result in dramatic improvements in the re-
activity of the metal catalysts. A successful demonstration
of this concept will highlight the viability of base-metal
catalysts for CO, reduction.
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Abstract

Shock and detonation physics are fields central to the
missions of the Department of Energy (DOE) and the
Department of Defense (DoD). Huge investments have
been made and continue to be made into establishing the
capability to predict how explosives will react in any given
scenario. Yet on the molecular level, very little is known
about the dynamic response of these materials. This
project has developed new experimental capabilities to
directly observe the molecular scale shock response of ex-
plosives. We have performed the first resolved measure-
ments of the shock-induced reaction in explosive crystals,
qualitatively validating the predictions of molecular
dynamic simulations. We have developed a new method
of measuring temperature with very high temporal and
spatial resolution and several orders of magnitude higher
sensitivity than previous methods, for application to
measure shock temperatures. The project has generated
sufficient follow on funding to allow further use of these
new capabilities to continue to pursue discoveries in the
science of high explosives important to national missions.

Background and Research Objectives

The early events that occur upon shock loading explosives
are crucial in determining the sensitivity of the material
to accidental or intentional initiation. Various theories
have been proposed regarding the chemical reaction
mechanisms, but there are few experiments capable of
testing them. The principle goals of this project were to
develop new diagnostics to answer the questions: 1) are
the predicted time scales of reactive molecular dynamics
calculations of shocks reasonable, 2) are electronic exci-
tations important in shock initiation, and 3) what is the
temperature that drives shock induced reactions?

We were able to observe shock induced reactions on
time scales predicted by molecular dynamics calculations,
a few hundred millionths of a millionth of a second[1].
There was no evidence of electronic excitations being im-
portant to shock initiation, but a small amount of further
work is required to solidify this conclusion. We had ambi-
tious goals of measuring time dependent temperature

in laser-shocked materials on very small time and length

scales and have developed the necessary tools to do so.
Due to the high risk/high reward nature of the project,
experiments were significantly more difficult than antici-
pated and required extensive time and effort developing
both the theoretical foundations and the experimental ca-
pability to measure temperature at these scales. Because
these measurements are crucial to shock and detonation
physics, yet have remained elusive for decades, we spent
most of our effort in the project pursuing this goal. In the
end, we were able to measure time dependent tempera-
tures with unprecedented time resolution and sensitivity
[2,3], and will perform these measurements on shocked
materials in the future.

Due to the extensive development of new experimen-

tal capabilities, most of the project’s scientific journal
publications occurred in the final year. Indeed, we are
expecting at least two publications in the following year
on the results of shocked explosive crystals and on single
shot measurement of transient temperatures. The LDRD
project has led to a DTRA funded project as well as follow
on work occurring in Campaign 2: High Explosive Science.
This follow on funding will allow us to complete the work
initiated in the LDRD project and utilize the capabilities
developed.

Scientific Approach and Accomplishments
The data provided in this project sought to experimen-
tally measure molecular scale mechanisms of reactivity in
shocked explosives. These data are necessary to answer
even qualitative questions regarding explosive initiation.
These questions must be answered to identify the correct
theoretical framework to understand, predict, and simu-
late explosive initiation.

There are no detailed experimental shock data on time
scales less than a billionth of a second that can be used to
test molecular level theories of shock initiation; this proj-
ect developed new diagnostics that could resolve shock
induced chemical reactions on time scales one thousand
times faster than this. We coupled absorption measure-
ments across the visible and near infrared range to ultra-
fast laser shock loading of high explosive single crystals,
as shown in Figure 1.
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Figure 1. The tabletop experiments allow small quantities
of explosives to be studied in detail with a number of ad-
vanced optical diagnostics.

While transient absorption spectroscopy is now a relatively
common methodology for laser excited processes, cou-
pling to shock loading required additional developments.
We determined a method of timing the absorption to the
shock on a shot by shot basis, which is important because
of significant jitter in shock arrival times due to variations
in thickness of the aluminum drive film and shot to shot
laser energy. We found better procedures for preparing ex-
plosive crystals to a near optical polish. We studied the ef-
fect of different tamper materials to confine the laser gen-
erated plasma that drives the shock wave. Optimization

of these numerous experimental parameters allowed us

to observe the first evidence of shock induced reaction oc-
curring on these time scales[1], as shown in Figure 2. The
new absorption features that grow in with time following
shock loading indicate that the initial explosive molecules,
which are transparent in the visible and near-infrared, are
transforming into products which absorb broadly in this
region. Due to the broad and featureless nature of the
absorptions, additional spectroscopic observations will

be required to identify the product species. However, the
product absorptions increase on a timescale an order of
magnitude faster that many experts in the field would have
assumed. The absorption measurements have been re-
ported in conference proceeding and will lead to scientific
journal publication in the near future.

We developed a completely new method of optically mea-
suring temperature that was over 50,000 times more sen-
sitive than the only other method that could achieve these
time resolutions[2,3], illustrated in Figure 3. The technique,
femtosecond stimulated Raman spectroscopy or FSRS, is
widely used to perform chemical imaging microscopy and
examine time dependent chemical dynamics. We have
shown that it can also be used to measure temperature, by
acquiring the data in a slightly different manner (looking at

energy gain and energy loss simultaneously) and analyzing
the data in a new way. Performing FSRS on laser excited
materials allowed us to measure temperature with time
scales less than one millionth of one millionth of a second,
obtaining an instantaneous snapshot of dynamic tempera-
ture on the timescales of molecular motion. Using FSRS,
we can now quantitatively watch the energy from the laser
or shock excitation equilibrate into molecular bonds. This
was reported in a prestigious scientific journal [2] and a
detailed follow on article is nearly complete. This method
allows simultaneous determination of chemical reaction
and temperature with no prior calibrations or intrusions
into the material.
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Figure 2. A single crystal of RDX, a common explosive,
shocked to 230,000x atmospheric pressure shows transient
absorption building on timescales of 100s of picoseconds (1
picosecond = 1 millionth of a millionth of a second). These
absorptions signal product formation following chemical
reaction under the elevated pressures and temperatures
caused by the shock. The timescales are comparable to, but
slightly longer than those observed in simulations.

We also performed auxiliary experiments regarding details
of the ultrafast shock physics [4] and simple laser/explosive
safety experiments [5] that led to scientific journal publica-
tions. Initial examination of explosive crystals probed with
weak laser driven shocks showed a complicated structure.
This structure was initially thought to be a separation of
the elastic (nondamaging) and plastic (permanently de-
forming) response of the explosive crystal. More careful ex-
amination showed that the elastic and plastic yielding were
not due to the explosive, but originated in the thin layer of
aluminum used to drive the shock into the explosive. In de-
termining the origin of this observation, we found that the
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yield strength of aluminum on these time and length scales
was 10 times larger than that observed in bulk materials.
In fact, as we probed shorter time and length scales, the
aluminum became monotonically stronger. These observa-
tions were sensitive to the initial plastic yielding events in
the aluminum which were taking place on the time scale
of our experiment [4]. Additionally, questions arose during
the project regarding the safety of putting laser light on
explosives. We had access to the appropriate lasers, ex-
plosives, and were operating under approved safety docu-
mentation for performing these types of experiments and
could quickly perform a series of measurements useful in
determining conditions in which personnel could be pres-
ent when laser light directly illuminated explosives. These
brief measurements led to a publication [5] to aid others in
the determination of safe parameters, and our results are
now the basis for LANL's policy for lasers on explosives.

To summarize our primary quantifiable metrics, this proj-
ect has generated five conference proceedings articles,
three journal publications, six invited presentations, and
seven contributed presentations.
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Figure 3. We have developed a technique to measure tem-
peratures with sub-picosecond temporal resolution. The
data shown are measurements for a laser flash heated
crystal. This technique is over 50,000x more sensitive than
the only comparable technique, and will be used in the fu-
ture to measure shock temperatures.

Impact on National Missions

The application, optimization, and therefore fundamental
understanding of explosives are essential to DOE and DoD
missions. Initiation of explosives occurs through a chain

reaction, where localized molecular insults lead to the
collective emergence of the phenomena of detonation.
Understanding the initial events is crucial in predicting, and
tailoring, explosive material properties.

This project has developed new capabilities to observe
these initial events in shocked explosives, and has made
measurements of the time scale of the first chemical reac-
tions. These reactions are occurring on time scales similar
to those predicted by molecular dynamic modeling, allow-
ing the first qualitative validation of those simulations. We
have also developed methods of transient temperature
measurement that will continue to address these prob-
lems, leading to new discoveries in the future. From a pro-
grammatic perspective, these results have led to follow-on
support from both external and internal sources to allow
the progress initiated in this LDRD project to continue to
meet mission needs.
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Abstract

We sought to bridge the microscopic and macroscopic
descriptions of multifunctional materials with a well pa-
rameterized, multiple order-parameter Landau theory.
This “bridging the gap” is an outstanding challenge in
materials science. Materials science typically is studied
at three different scales: the macroscopic (what we see
unaided), the mesocopic (what we see with conventional
microscopy); and the microscopic (what we can see with
sophisticated microscopy). Our understanding of materi-
als must be consistent among the scales. Establishing
this consistency however has been difficult. For a par-
ticular class of materials, the multifunctionals, we pro-
posed to achieve consistency in a novel way by placing
the Landau phenomenological theory for the free ener-
gy, typically used at the mesoscale, at the center of our
analysis and fixing as many of its unspecified parameters
as possible by deriving them from microscopic theory
and by measuring them experimentally. The question to
be answered was: With the theory parameterized better
than ever, can we predict the many phase transitions ex-
hibited by multifunctional materials and also predict the
evolution of their mesoscale structure which is so impor-
tant for the design of such devices as new switches, sen-
sors, and actuators. We started by studying tin tellurium.
For fifty years, this material was believed to be both
ferroelastic and ferroelectric. We found however that it
was actually a co-elastic metal, almost the opposite of
what was believed. Our paper publishing our experimen-
tal findings in Physical Review B was designated as an
“Editor’s Choice.” Our theoretical work confirmed our
experimental measurements. To replace tin tellurium as
of material of focus, we studied the structural transitions
and twinning in iron mono-oxide and cerium. For ce-
rium, we developed a Landau theory of an iso-structural
phase transition and explored possible inhomogeneous
phases consistent with this theory. We also studied the
magnetic symmetry properties of relevant multifunc-
tional multiferroic materials in order to study phase
transitions with multiple order parameters.

Background and Research Objectives
Our main scientific task was investigating symmetry

changes in phase transitions for materials possessing
two or more simultaneously ordered phases. A change
of symmetry accompanies a phase transition. This sym-
metry change is captured by an order parameter which
is zero above the transition temperature (or pressure)
and non-zero below it. A Landau theory is simply a spe-
cific expression for the free energy of a material in terms
of its order parameters.

Multifunctional materials are those materials whose
order parameters have cross-field responses between
two (or more) applied fields. For example, in a piezo-
electric material, electric polarization and strain both
respond to a stress or to an electric field. It is this type of
response that makes the materials interesting scientifi-
cally and important technologically. Typically, a Landau
phenomenology lacks such responses. Our objective in
co-generating a Landau theory on the mesoscopic and
microscopic scales was to ensure “uploading” maximal
information from the microscopics to mesoscopics.

Such information included these responses. Experiment
played a special role in our research. We had recently
developed new unique capabilities that enable the mea-
surement of an important class of cross-field responses,
magneto-electric responses. These measurements could
benchmark the theory in a way never before possible.

An important class of multifunctional materials is ferro-
ics which are characterized by two or more orientation
states. There are four primary ferroics: ferroelectrics
described by an electric polarization, ferromagnets de-
scribed by magnetization, ferrotoroidics described by
“twisting”, and ferroelastics described by elastic strain.
The prefix “ferro” in these different states of matter re-
fers to the ability, in principle, to reverse the direction,
let us say, of the magnetism, with the application of an
external field, which in the case of magnetism would
be a magnetic field. The ability to reverse the directions
of multiple ferrostates and the coupling between these
states makes the material multifunctional. Materials
possessing two or more ferroic properties are called
multiferroics. In particular, crystals exhibiting simultane-
ous ferroelectricity and magnetism are called magneto-
electrics. The properties of crystals of these materials
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are highly susceptible to disorder. Above the phase transi-
tion temperature the disorder may be in a tweed structure
whereas below the transition temperature a glassy state (a
state with no macroscopic order) may result.

Of particular interest was the interplay between the pa-
rameters describing the phases. To this end, we experi-
mentally studied other materials in addition to the semi-
conductors. Consequently, we prepared and characterized
materials with cross-coupled order parameters, for exam-
ple, coupled magnetic and electrical orders. We successful-
ly measured four cross-coupling constants. Our successful
measurements of three of these couplings accomplished
one of the major experimental objectives of our proposal.

We began by studying the properties of a family of semi-
conductors fabricated with elements from the fourth and
sixth columns of the periodic table. Many in this family
show a paraelectric to ferroelectric transition (the elec-
trical analog of a non-magnetic to magnetic transition),
which is accompanied by a change in their length and
shape. Most exist in the same very simple crystal structure
as table salt. Additionally, the properties of all are very sen-
sitive to the density of electrons participating in their elec-
trical conduction. Thus, this family sports crystallographi-
cally simple representations of a system having multiple
simultaneous phases, that is, states of matter with specific
symmetries and different physical properties. These types
of materials were the central theme of our research.

Scientific Approach and Accomplishments

We mainly studied tin-tellurium as a simple manifesta-
tion of a multifunctional material. For about fifty years, it
has been widely regarded as a ferroelectric and ferroelas-
tic material whose structural phase transition involved
changes between relatively simple crystal structures.
Further, when small amounts of a magnetic material, such
as chromium, are added, the resulting alloy becomes fer-
romagnetic. From the viewpoint of individual atoms, the
temperature-dependent mechanism for the structural
transition associated with the length and shape changes is
generally viewed as either being a change in the motion of
the electrons, the vibration frequency of the atoms in the
crystal, or the interaction between these two dynamical ef-
fects. We judged that the structural transitions required at
least a combination of the last two mechanisms to capture
published measurements. Accordingly, we focused on a mi-
croscopic (atomistic) model for these materials proposed
by Sakai [1] that does this synthesis. This model also leads
to a Landau theory. The Landau assumption does not give
the coefficients of the expansion. These we proposed get-
ting from the microscopic model and experiment.

In the past, the widely accepted ferroelectricity in tin-
tellurium had been inferred from indirect evidence. In the
first year of the project, we kept finding that tin-tellurium
behaved more like a metal (a good conductor of electricity)
than a semiconductor or insulator (poor or bad conduc-

tors of electricity). Ferroelectricity cannot exist in a metal.
In our second project year, we executed a suite of experi-

mental measurements, backed by theoretical calculations,
to resolve this matter. We established that tin-tellurium is
neither ferroelectric nor ferroelastic.

We performed the first angular-resolved photoemission
spectroscopy of the electronic structure of tin-tellurium.
These photoemission measurements found a Fermi surface
(Figure 1), which is a signature of a metal, and both simple
and state-of-the-art electronic structure calculations
agreed with the principal features of the measured Fermi
surface topology (Figure 1). We also performed the first
piezoelectric measurements of the material. For a piezo-
electric material, applying an electric field across its body
changes the volume of the material and vice versa. Fer-
roelectricity is the spontaneous development of an electric
polar state. All ferroelectrics are piezoelectric. We found
no piezoelectricity.

Photoemission experimendal data
T=300K T-20K

DFT results (shifted by 0.5¢V from Er)
surface #20 Isoenerg 1

Figure 1. On the left is a two-dimensional representation
of the data from the angular-resolved photoemission as
a function of beam energy (going down the column). The
presence of bright line at zero energy indicates the exis-
tence of a Fermi surface. On the right is our results form
a density functional calculation, mincing the angular-
resolved photoemission measurements. Shifting the right
column down one panel places theory and experiment in
better agreement. The shift corresponds to an adjustable
parameter. The center is the theoretical construction of the
Fermi surface.

We also performed the first resonant ultrasound spec-
troscopy of the elastic properties of the material. This
technigue measures the material’s elastic constants. While
we saw the structural phase transition, we were unable to
confirm the previously reported and widely accepted low-
temperature rhombohedral crystal structure. We found
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that on transforming key elastic constants of the material,
instead of jumping in value, as they should for a ferroelas-
tic, barely changed. Barely measureable changes were also
found for the expected jumps in specific heat and thermal
expansion. A Landau theory for the material was construct-
ed, several of its parameters were fitted to the experi-
ments, and from them we inferred that material is not fer-
roelastic but rather co-elastic. For a co-elastic material, the
directions of the elastic deformations are not reversible.
The measured changes in the properties of tin-tellurium
on structurally transforming are among the smallest ever
reported for a co-elastic material.

Adding small amounts of chromium to tin-tellurium did re-
sult in the alloy becoming ferromagnetic. In fact, with only
a few percent of chromium, a room temperature ferromag-
netic resulted. A temperature this high for such small alloy-
ing is a rather surprising result. Further, measurements of
the resonant ultrasound spectroscopy indicated the alloy
was distinctly ferroelastic. Changing material classes is an
even more surprising result. The physical mechanisms for
both results are studied but unfortunately still remain un-
known.

We published one paper describing our angular-resolved
photoemission spectroscopy measurements and calcula-
tions [2] and a second paper reporting the results of the
other measurements and calculations [3]. The editors of
Physical Review B, one of the most prestigious journals in
condensed matter physics, designated our second paper as
an “Editors’s Choice.”

Concomitant with the model building and experimental
work, we also explored more formal aspects of Landau
theory [4]. Using group theory, the mathematics of sym-
metries and their relationships, we verified the Landau
theory generated microscopically is the correct one for

the symmetries of the crystal, the length changes, and the
shape changes. To study phase transitions in materials that
couple electrical and magnetic orderings, it is important to
incorporate the symmetries of magnetism into group the-
ory by augmenting the crystallographic groups with time
reversal symmetry, which leads to what are called color (or
black and white) groups. We enumerated the color groups
in quasi-one-dimensional and quasi-two-dimensional cases
and studied a representative phase transition (Figure 2).
We also suggested possible chemical compositions of qua-
si-one-dimensional materials with coupled magnetic and
electric orders and quasi-two-dimensional materials cou-
pling electric, magnetic, and structural orders. In addition,
we enumerated all classes of chemical species consistent
with two-dimensional magnetic groups.

Unfortunately, our surprising finding that the properties

of tin tellurium differ so essentially from what had been
believed for 50 years had the consequence of it being an
unsuitable multifunctional material. We ceased studying it.
Fortunately, other options existed. In the third year of our

project, we followed two.

We began the third year by studying iron mono-oxide. It is
the second most abundant mineral in the earth crust and
an important source of iron for steel making. It has the
same simple crystal structure as tin tellurium; however,

its structural phase transition however occurs only under
the application of an external pressure. In the absence of
an external pressure, it does undergo a metal-to-insulator
transition as a function of temperature, that is, a phase
transition from a state that conducts electrical current well
to one that conducts it poorly. Accompanying this transi-
tion is a second transition from an anti-ferromagnetic to
non-magnetic phase. An anti-ferromagnetic state is an
ordered magnetic state, like a ferromagnetic state, but one
in which that material does not attract or repel itself from
a magnet.

Magnetic Symmetry: 2D Magnetic Point Groups

A A AR

Symmetry of uncolored and colored hexagons

7 .y
Time reversal: i= “ —/= 4
a7 a—7)

Spin flip:

Figure 2. Upper panel: For a hexagon (with point group
symmetry 6mm) three new magnetic symmetries can be
created (with magnetic point groups 6, 6‘’m’m, 6m’m’)
with an equal black and white area. Some of these new
magnetic symmetries can also lead to ferroelectricity. Here
6’ means a 60 degree rotation followed by a color change
(black to white and vice versa). Similarly m” means a mir-
ror plane with a change of color. Lower panels: Revers-
ing magnetization is equivalent to flipping a spin which is
equivalent to changing the direction of current i in a loop,
or formally time reversal.

For iron mono-oxide we assembled the theoretical capa-
bilities needed relative to the suite of planned experiments
necessary to quantify its properties. Mainly, we proposed
to interplay band structure and many-electron mean-field
approximations to describe the metal-to-insulator and the
anti-ferromagnetic to non-magnetic transitions. Critical
would be modeling the coupling of the magnetism to the
structural transition. From this microscopic approach we
derived a Landau phenomenology that has comparable
terms as the one already derived on the mesoscopic scale.
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We wanted to study the mesoscopic development and
growth of the grains. The key task here would have been
predicting the development and growth of twin boundar-
ies between the grains.

Twin boundaries occur when two crystals of the same type
grow with only a slight mis-orientation between them.
The interface is highly symmetrical, with the atoms being
shared by the two crystals at regular intervals. This spe-
cific type of interface has a lower energy than the grain
boundaries that form arbitrary crystalline orientations.
Experimentally, we planed to execute many of the same
measurements we used to unravel the properties of tin tel-
lurium, the core ones being angular-resolved photoemis-
sion spectroscopy, neutron scattering, and resonant ultra-
sound spectroscopy. The key measurement would have
been that of the strength of the magneto-striction that will
give us the cross-field coupling of the anti-ferromagnetic
state with the transforming lattice structure. The strength
of this coupling is hard to predict theoretically.

The challenge was growing the crystals needed for these
measurements. We prepared reasonably pure iron mono-
oxide in granular form using a novel sintering method.

The problem was fusing this power into large crystals. Our
approach was the victim of most other approaches in pre-
paring large crystals of iron mono-oxide, contamination by
another form of iron oxide that is ferromagnetic. This other
compound is the chemically equivalent to rust. This mate-
rial is ferromagnetic and its presence makes studying the
anti-ferromagnetism impractical.

We terminated this project as soon as possible and moved
to studying twining and stacking faults in cerium. For Ce-
rium we had the crystals, direct observations of twinning
and stacking faults, and a lot of published experimental
data. Stacking faults are common in materials with a
crystal structure like that of cerium. They refer to layers
of atoms which should be sequenced as ABAB... instead
being sequenced as ABCABAB. We succeeded in develop-
ing a Landau theory and identified some of the types of
inhomogeneous phases this theory supports. Unfortu-
nately we found that some of the published experimental
data was analyzed inconsistently and thus were unable to
perform cerium specific calculations. We were however
able to understand from our Landau theory how twinning
could develop in cerium and other materials that undergo
an iso-structural phase transition. We intend to use this
knowledge in future work on iso-structurally transforming
materials.

Impact on National Missions

This project will support the DOE mission in the Office of
Science by enhancing our understanding of multifunctional
materials and establishing a theoretical paradigm for ad-
dressing their properties. In particular it supports the DOE
Basic Energy Science program office mission for fundamen-
tal materials science research for energy independence.
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Abstract

This project aims to conduct systematic theoretical
investigation of electronic structure and excited state
dynamics in carbon nanotube materials. Our modeling
uses LANL-developed quantum chemical tools, which
outperform similar techniques world-wide. Time de-
pendent semiempirical and density functional theory
(TDDFT) is used as the basic quantitative framework for
computing electronic structure and photoexcited trajec-
tories and dynamics. Our research program involving the
necessary expertise in quantum chemistry, condensed
matter, spectroscopy, synthesis, and optical physics,
provides detailed understanding of fundamental physi-
cal processes, which, in particular, govern the operation
of nanotube-based electronic devices. As a result of

this project we answered many currently outstanding
guestions in nanotube science. Namely, an interplay
between excitonic and vibrational effects in photochem-
istry, the role of dark excitons and chemical defects in
luminescence, formation of polarons and triplet states,
transport, inter-tube and solvent interactions, nonlinear
dynamics and localization effects have been investigated
in detail. We developed synthetically viable strategies in
order to improve dramatically photoluminescence and
electroluminescence of carbon nanotubes. Development
of novel hybrid materials such as nanotubes wrapped
with polymers or DNA and tubes functionalized with
intercalated dyes opens new and exciting properties

and functions of these materials: notably an intriguing
opportunity poised by Scanning Tunneling Microscopy
(STM) sequencing of short DNA fragments and develop-
ment of nanotube-based bio-sensing. The theoretical in-
sights are implemented synthetically and experimentally
tested using spectroscopic and STM facilities at LANL.
This will provide guidance to worldwide efforts in devel-
opment of new functional nanotube-based electronic
materials and devices. This project directly addresses
LANL institutional goals in Materials Sciences, Energy
Security, Threat Reduction, as well as LDRD strategic
priorities in Nanotechnology, Multi-Scale Materials, and
Sensing.

Background and Research Objectives

Carbon nanotubes (CNT) constitute a class of the most
promising technological materials for high-strength
materials with desirable - and tunable - electrical prop-
erties. Our progress in understanding and manipulat-
ing nanotube’s fundamental electronic properties, and
subsequent practical applications has been slow due to
difficulties in synthesizing sample materials. A lack of
the experimental knowledge of electronic processes in
carbon nanotubes has impeded advances in theory and
simulations. In particular, hybrid materials involving car-
bon nanotubes (CNT) and deoxyribonucleic acid (DNA)/
polymer/surfactant molecules promise a broad range of
applications in electronics, medicine and threat reduc-
tion technologies. For example, practical implementation
of CNT-based nano-devices has long been hampered

by inadequacy or plain absence of reliable methods for
separation of CNT according to the structural and elec-
tronic properties. Recently, an unexpected breakthrough
was achieved and unsurpassed efficiency of CNT separa-
tion demonstrated by combining single-stranded DNA
molecules with the nanotubes in solution. Preliminary
studies revealed that the outcome of the separation
process is sensitive to the sequence of DNA and ensu-
ing DNA-CNT binding geometries. However, very little is
presently known about the exact structure of the CNT-
DNA complexes — an essential pre-requisite to under-
standing of the mechanisms responsible for enhanced
separation efficiency and to further optimization of
existing procedures. A detailed knowledge of the physics
behind CNT-DNA interactions should also advance single-
CNT device fabrication technology where DNA hydrogen
bond selectivity can be exploited for bio-inspired self-as-
sembly of three-dimensional CNT networks. In addition,
combination of the unique transport/optical properties
of CNT and biochemical affinity of DNA makes CNT-DNA
complexes an attractive system for bio-sensing applica-
tion and highly specific drug delivery. Finally, electronic
structure variation of single nucleotides adsorbed onto
the CNT surface might provide a basis for rapid electron-
ic DNA sequencing method development.

Thus, we have still not achieved a quantitative under-
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standing and prediction of nanotube materials proper-
ties; however, several challenges in nanotube science

are expected to be overcome in the near future. Carbon
nanotube and graphene based electronics are rapidly be-
coming today’s reality given the huge R&D effort in the
industry. This creates a need for modeling and simulation
effort to predict physical phenomena and deliver compre-
hensive theoretical framework of electronic structure and
dynamics in carbon nanotubes. Such theory should provide
guidance and a platform for future experimental stud-
ies, and impact technology. In this project we conducted
systematic theoretical and experimental investigation of
electronic structure and excited state dynamics in carbon
nanotube materials. Our modeling used LANL-developed
guantum chemical tools, which outperform similar tech-
niques world-wide.

We answered many outstanding questions in nanotube
science. Namely, an interplay between excitonic and vibra-
tional effects in photochemistry, the role of dark excitons
and chemical defects in luminescence, formation of pola-
rons and triplet states, transport, inter-tube and solvent
interactions, nonlinear dynamics and localization effects
were investigated in detail.

Scientific Approach and Accomplishments
Over the duration of this project, our theoretical studies
with close synergistic interactions with experiment at LANL
have focused on multiple areas related to electronic prop-
erties of carbon nanotube materials, their excited states,
dynamics and modification introduced by various chemical
functionalization and hybridization with other organic ma-
terials.

First of all, we have used the Scanning Tunneling Micros-
copy (STM) setup built at Center for Integrated Nano-
technologies (CINT) to successfully demonstrate binding
geometry of single strand DNA to carbon nanotube. The
STM is based on quantum tunneling of electrons through
the energy barrier formed by the sharp metallic tip and the
sample placed in the tip vicinity. The strong dependence of
the current on the tip-sample spacing enables the mapping
of the surface topography variations with sub-angstrom
resolution. Previous theoretical studies suggested multiple,
energetically-degenerate DNA-CNT binding geometries
ranging from linear alignment of DNA molecule along the
CNT axis to insertion of DNA into CNT interior. STM images
revealed that ssDNA prefers to wrap around CNTs of par-
ticular (6,5) chirality with a coiling period of 3.3 nm and a
stable wrapping period of DNA at ~60 degrees (Figure 1)
which coincide with natural tube coordinates and agreed
very well with our theoretical predictions [1,2]. We have
extended our investigations by simulating CNT/DNA struc-
tures with different wrapping angles, different DNA se-
qguences, and different CNT chiralities. We have also found
that sonication of CNT-DNA hybrids leads to reduction of
nanotube ends uncoated by DNA. This result suggests that
the length of the CNT-DNA hybrids can be reduced in a

controlled manner by varying the length of DNA sequence
adsorbed on the tube surface. To complement and help
interpret STM measurements, we have performed force
field simulations that provided detailed information on the
geometry and energetic stability of CNT-DNA hybrids. The
modeling results are in very good agreement with experi-
mental observations. All structures we studied show DNA
wrapping angles of about 50-60 degrees, independent on
the tube chirality, while being very stable (with ~0.8 eV
binding energy per base, see Figure 1). Such a structure
and stability suggest that DNA is unlikely be detached from
the CNT because of external fluctuations, such as thermal
vibrations and solvent effects, that is a very reliable prop-
erty for drug delivery systems [3]. This observation might
be important for medical application of these materials,
since shortening of functionalized CNTs reduces their
toxicity to the cell. Overall, our results lead to the further
elucidation of self-assembling and structure-property pre-
dictions of CNTs functionalized by DNA — a topic of general
interest due to the recent focus on bio-applications of such
hybrid systems, including drug delivery, cancer diagnostics
and therapy.

—=— 3u C-25 (fixed ends)
—4— 4u C-29 (free ends)

—m— 4u C-23 (fixed ends)
—e— 3u G-25 (fixed ends)

L L L L L L L L
10 20 30 40 50 60 70 8 90

Wrapping angle(degree)

Figure 1. STM image of DNA-CNT complexes deposited on
Si surface (24 x 24 nm) and results of MDD simulations of the
hybrid structure and binding energy as a function of wrap-
ping angle.

We have also carried out structure-property studies on
CNTs functionalized by small organic molecules and con-
jugated polymers. Unlike CNT/DNA hybrids, the interac-
tion between conjugated polymers and the nanotube

is relatively weak (with ~0.1-0.3 eV binding energy per
base). Our simulations predict the most stable polymer
wrapping angles of about 15-20 degrees, which compares
well with available experimental data for these systems.
Despite a weak interaction, the wrapping affects the first
and second optical excitations (E11 and E22 bands) of the
nanotube, slightly shifting them to the red, compared to
pristine tubes. Moreover, the conformational changes in
the wrapped polymer strongly affect its optical spectra,
resulting in the significant blue shift of the excited energy
and broader linewidth. These results have been finalized in
two articles submitted for publication [4,5].
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Using the time dependent density functional theory (TD-
DFT), we were able to analyze the energy splitting, relative
ordering, electron-hole binding, and localization properties
of the optically active and forbidden excitations in nano-
tubes. This detailed analysis provides an explanation for
the low luminescence efficiency of these materials. Our
research has been finalized in the perspective feature arti-
cle [6] and has been selected to represent the issue of this
journal by highlighting a graphical summary of our paper
on the journal’s cover (Figure 2). Finally we investigated
theoretically the electronic couplings and interactions in
the carbon nanotube ensembles to understand properties
of bulk materials [7].
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Figure 2. Quantum-chemical calculations explore energet-
ics and localization properties of optically active (bright)
and forbidden (dark) states in single wall carbon nano-
tubes.

We have also explored theoretically and experimentally
subtleties of electronic states and dynamics in carbon
nanotubes in the presence of environment which is essen-
tial to tuning photophysical properties and enhancing be-
havior for nanotube separations and sensing applications.
Experimental studies have been focused on understanding
surfactant structure at the CNT interface [8], with an aim
of determining the limits of tunability of that structure for
optimizing photoluminescence (PL) response. We have
shown that changing the electrostatic environment of
sodium dodecyl sulfate (SDS) through addition of electro-
lyte can cause it to reorient to being perpendicular to the
nanotube surface. The reorientation also causes a dense
packing of the structure. In parallel an increase in photo-
luminescence (PL) intensity is observed during this reor-
ganization [9]. We are currently developing a theoretical
model for how the reorientation can impact exciton behav-
ior and nonradiative decay routes to cause this behavior,
and are currently putting together a draft article describing
the work. The increased understanding of surfactant struc-
ture and response to environmental perturbations is allow-
ing us to control its behavior to facilitate incorporation of
nanotubes into new composite materials. In the past year,
we have successfully used interfacial control to allow us

to generate highly luminescent composites of nanotubes
with silica aerogels. The PL behavior indicates the nano-
tube environment in the aerogel is free of surfactant. This
characteristic has allowed us to demonstrate novel surface
adsorption behavior and has enabled new fundamental
low-temperature photophysics to be observed [10]. This
work is forming the basis for a white paper proposal for
submission to DOE BES.

At a more detailed level, we have also investigated the 1-D
surface chemistry of single dopant species on nanotubes
using PL imaging (Figure 3). We demonstrate that mid-gap
dopants such as gold adatoms act as localized quenching
sites. In contrast we demonstrate that hole dopants are
delocalized over the whole nanotube. Even single dop-
ants of this nature will quench PL emission from the whole
tube. Direct imaging of gold adatoms shows them diffus-
ing on the surface. This work is in review at Nature Nano-
technology and we anticipate it being accepted shortly
[11] (Figure 3). In parallel, our theoretical calculations have
shown that the hydrogen atom adsorption on the nano-
tube sidewalls leads to a confinement of the spatial extent
of electronically excited wavefunction to the near-vicinity
of the dopant. Depending on the hydrogen position, the
adsorbent perturbs and mixes the bright and dark states,
frequently resulting in brightening and red shifting of the
lowest-lying excitons, thus providing a guideline toward
enhanced PL from CNTs using chemical functionalization
[12] (Figure 4).

Finally we have conducted joint theoretical and experi-
mental studies of Raman Spectroscopy of structurally pure
nanotube samples. Probing the G-band (carbon-carbon
deformations at frequencies of ~1600 cm-1) behavior of
nanotubes with Raman spectroscopy can provide informa-
tion on electronic structure unavailable with investigation
of lower frequency phonons. To do so, however, requires
working with samples consisting of a single nanotube
structure or chirality. We have performed G-band Raman
excitation profiling of a set of 12 different pure chiralities
to test several models for the nanotube Raman response.
Typical excitation profiles for such a high frequency mode
will show two resolved bands for resonances with the
excitation and scattered photons of the Raman process.
Surprisingly, we find that the scattered resonance is signifi-
cantly weaker than the excitation resonance. This is a gen-
eral result for all chiralities and classes of structure. The
observed behavior results from violation of the Condon
approximation and originates in changes in the electronic
transition dipole due to nuclear motion (non-Condon ef-
fect), as confirmed by our quantum chemical calculations.
The agreement of our calculations with the experimental
spectra asymmetries and observed trends in family depen-
dence indicates the behavior is intrinsic [13].

In general, our research established a systematic and

insightful understanding of photoinduced electronic dy-
namics in nanotube based materials, which will guide the
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design of new experimental probes, and potentially lead to
new nanotechnological applications. In addition, besides
improving the fundamental understanding of the proper-
ties of DNA-CNT complexes, we have introduced an inte-
grated experimental/theoretical capability, which will find
a broad range of applications in the rapidly growing field of
nano-bio interfaces.

Impact on National Missions

This project will make a significant contribution to our ba-
sic understanding of materials, a LANL Grand Challenge.
Carbon nanotube technology is widely expected to impact
many areas including energy security, threat reduction,
ubiquitous sensing, among others. These are major mis-
sion areas within DOE, DHS, DOD, and other government
agencies.

Figure 3. Confocal photoluminescence imaging of single
carbon nanotubes allows us to probe surface chemistry

in 1-dimension: Top) Single nanotube PL image showing
single-dopant quenching site resulting from adsorption of a
single gold atom. Bottom) Time-dependent imaging shows
single dopant species can diffuse on the nanotube surface.
Inset) Analysis of the diffusion behavior shows adatom sur-
face motion is non-linear with time. This indicates directed
motion in response to an external force. In this case it may
be excess electrostatic charge at the tube ends.
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Figure 4. Theoretical calculations of hydrogenated carbon
nanotubes (chemical structures are shown on the top pan-
el) predict significant enhancement of the photolumines-
cence efficiency of the material, i.e. nanotube ‘brightening’
(middle panel). This occurs since the lowest excited state
becomes moderately localized defect state slightly below
the conduction band (bottom panels) gaining significant
oscillator strength. The results of our theoretical modeling
reproduce and explain recent experimental data on nano-
tube brightening via chemical functionalization at LANL
and elsewhere.
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Abstract

This project’s goal was to explore an alternative materi-
als system for creating photovoltaic (PV) devices, namely
Indium-Gallium-Nitride (In Ga,_N) thin film materials

(x ranging from 0 to 1). Significant progress has been
achieved towards our goal of creating a new type of PV
device based on InGaN materials with tunable band-
gaps covering the visible solar spectrum offering several
advantages over conventional PV materials with fixed
bandgaps. A unique LANL technology has demonstrated
that it is the only method capable of growing high-
quality InGaN over the full composition range from GaN
toIn Ga, N to InN. Substantial work has set the basis for
creating these challenging materials and understand-
ing their use in PV devices. The In-rich InGaN materials
grown during this project show the highest quality ma-
terials properties ever produced. Methods for routinely
growing compositionally graded In Ga, N films have also
been developed. In many cases, background carrier con-
centrations have been shown to be sufficiently low to
allow successful p-type doping of these nitride films, and
p-n junctions have been grown that show rectifying pho-
tovoltaic activity. The results of this project have allowed
us to solve many of the materials challenges regard-

ing In-rich InGaN materials, paving the way for making
compositionally-graded, single-junction InGaN-based PV
devices with the potential to achieve record efficiencies
of ~¥30%. These devices would be alternatives to current
thin film single-junction PV devices, substantially lower-
ing costs and making PV technology competitive with
fossil fuels for producing electricity.

Background and Research Objectives

For PV technology to significantly impact our nation’s en-
ergy portfolio, the cost of modules needs to be reduced
from the current value of around 14¢/kWh to close to
5¢/kWh, making PV costs competitive with conventional
fossil fuel energy [1]. For widespread PV deployment,
modules based on single p-n junction devices are the
most likely near-term candidates. Although multi-
junction devices have higher efficiency (current record
~43%), their high cost and complexity make them unlike-
ly for widespread domestic/commercial use. Currently,

there are three materials systems being aggressively
explored for widespread deployment: Si, CdTe, and CIGS
(Cu-In-Ga-Se). Single crystal-based Si devices are cur-
rently the most efficient form of single junction PVs, with
laboratory record efficiencies of 24.7%. Poly-Si based
devices are cheaper than single crystal Si, but are limited
to about 15% efficiency. CdTe and CIGS devices are also
relatively inexpensive and are currently being promoted
by the DOE for commercialization, but modules based
on these materials are limited to around 11% and 18%
efficiency, respectively, and there are concerns about the
toxicity of components of these devices (both Cd and
Se). Clearly, breakthroughs in the cost and efficiency of
PVs are needed for widespread deployment.

In nearly all conventional PV devices, the material’s
bandgap is fixed at a single value (e.g. Si = 1.1eV), limit-
ing device efficiency because of two basic issues. Photon
energies below a material’s band gap are not absorbed,
and the extra photon energy above of the band gap is
converted into heat without producing charge carriers
(electricity). The ideal PV device would encompass two
demonstrated methods for improving efficiency: fabrica-
tion from a single material system having tunable (mul-
tiple) band gaps tailored to match the full solar spec-
trum; and the use of PV films with high mobility charge
carriers. For widespread use, PVs must be manufactured
inexpensively from materials that exhibit exceptional
photo, chemical, and thermal stability and are non-toxic.
In addition, graded InGaN-based PV devices offer several
advantages: absorption of photons over a wide spectral
range directly creates more charge carriers; the polar
material generates an electric field enhancing carrier
transport; and the high bandgap active layer increases
output power.

Our research objective was to use an alternative ma-
terials system for creating high-efficiency PV devices,
namely compositionally graded InGaN, offering inexpen-
sive, single-junction PV device efficiencies approaching
30%. These devices can combine the advantages of the
high efficiency of single-crystalline Si PV devices with
the low cost and simplicity of CdTe and CIGS based PV
devices. Our unique device architecture uses p- and n-
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type doped InGaN films with a p-i-n structure as shown in
Figure 1 where a p-i-n film structure functions essentially
like a single junction PV device. This device structure can
be fabricated from compositionally-graded, undoped, in-
trinsic i-InGaN films using a unique LANL technology called
ENABLE (see below) and is the basis for a LANL patent ap-
plication [2]. The key difference in this device design is that
charge carriers are generated in the active “i” portion of
the device and are then separated and transported by the
p and n regions, making contact to an external circuit to
provide electric power.

This design offers several advantages over conventional

PV devices. Because high-In-content InGaN has a lower
bandgap than high-Ga-content InGaN, the device shown in
Figure 1 will have an internal electric field directing both
holes (positive charges) and electrons towards the p-i and
n-i interfaces, respectively, and substantially improving
carrier transport. Also, because the bandgap of In Ga, N
system is tunable from 0.7 eV (InN) to 3.4 eV (GaN), the

p and n layer compositions can be designed for maximize
efficiency. In addition, the bandgaps of the p and n layers
could be made slightly lower than the lowest bandgap in
the compositionally graded film, creating an additional
electric field for enhancing carrier transport. Overall, this
device is simple to produce and could eventually be grown
on inexpensive glass substrates, keeping production costs
low. Thus, the potential of the InGaN materials system of-
fers a real opportunity for realizing low-cost, high-efficien-
cy PV devices.

<uf5uuns

™ Ga-Rich
In-Rich

External Circuit

Figure 1. Compositionally graded InGaN p-i-n PV device ar-
chitecture. The internal field in the graded “i” layer directs
carriers toward the p and n layers, improving efficiency.

Scientific Approach and Accomplishments
Most semiconductor devices utilizing graded InGaN fall
into the following categories: using graded InGaN as a buf-
fer to alleviate strain in various InGaN based optoelectron-
ic devices; using graded InGaN as the active layer in quan-
tum well devices to take advantage of the bandgap bend-
ing and electric field that is generated by the grading to
enhance device performance; and using graded InGaN as
the active layer in photocathodes to take advantage of the

inherent electric field for increasing quantum efficiency.
There are no current examples of graded InGaN PV devices
in the literature, but it is well established that having carri-
ers generated in a larger bandgap material and transported
to smaller bandgap layers should improve output power.
Thus, we expect to observe significant efficiency improve-
ments for compositionally graded InGaN where the acces-
sible bandgap range is large, from 0.7 eV to 3.4 eV.

For InGaN film growth we have utilized a unique LANL
MBE-like growth capability called ENABLE (Energetic Neu-
tral Atom Beam Lithography & Epitaxy) that is a lower
temperature thin film growth technology ideally suited for
growing high-quality InGaN films. ENABLE is a 2006 R&D
100 Award winning technology unique to LANL that utilizes
an energetic beam of neutral N atoms (kinetic energies
from 1 to 5 eV) for nitride thin film growth, reducing the
need for high substrate temperatures to overcome reac-
tion barriers. The high energy and reactivity of N atoms
allow lower temperature growth of high-quality, crystal-
line thin film materials that are difficult, if not impossible,
by conventional metal organic chemical vapor deposition
(MOCVD) or molecular beam epitaxy (MBE) techniques.
Growth occurs in a clean MBE-type environment at ex-
ceptionally high growth rates (current InGaN growth rates
exceed 3 micron/hr over a 20cm? area). The complete ab-
sence of charged species and contaminants (e.g. oxygen,
carbon, or hydrogen containing species) combined with
the elimination of toxic precursors or reaction products
make ENABLE ideally suited for growing high-purity, single-
phase, crystalline materials. This project has used ENABLE
to grow high-quality GaN, InN, AIN, and In Ga, N over the
whole composition range (0 < x < 1) [3-6]. High-quality

In Ga, N films have been demonstrated with both fixed
and/or graded compositions. We have also demonstrated
p-type doping of In-rich InGaN that is an important result
considered to be technologically very difficult. These re-
sults were all important goals of this project and represent
significant progress toward demonstrating efficient InGaN-
based PV devices.

A particularly significant accomplishment of this project is
that isothermal growth of GaN, InN and high-In-content In-
GaN films are now routinely achieved [5,6]. The materials
produced show excellent crystallinity and optical proper-
ties. For example, Figure 2 shows XRD data for an In-rich
InGaN film ~500 nm thick grown on a sapphire substrate
with a single well-defined In composition of ~36%. The In-
GaN film shows excellent single-phase crystal quality (~¥380
arcsec <0002> FWHM) resulting from careful control of the
epitaxial growth on the sapphire substrate using an ~100
nm thick GaN buffer layer for improved epitaxy. Similar
results across the full composition range of device quality
InGaN films [8] and on other substrates (e.g. silicon) are
routinely produced by ENABLE. Growing high-quality In-
rich InGaN materials is a long sought goal of many other
worldwide efforts, and our results are measurably better
than any other reported results [7].
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Figure 2. X-ray diffraction (XRD) scan of a ~500nm thick
InGaN film grown by ENABLE showing the <0002> diffrac-
tion peak. This film had an In composition of 36% and was
grown at 490°C.

Details concerning the impact of variations in the film
growth temperature on the observed x-ray diffraction
(XRD) and photoluminescence (PL) measurements for
~500nm thick, ~37% In-content films of InGaN grown on
sapphire substrates at relatively low temperatures are
shown in Figure 3. In all cases the films show excellent
crystallinity and bright band edge PL. These results are
critical for this project since creating graded composition
structures over wide ranges requires isothermal growth at
moderately low temperatures. We have also demonstrated
on a routine basis: (1) the growth of graded composition
films; (2) methods for forming the uniform gradients in
InGaN composition needed for prototype PV devices; (3)
and ways to vary the rate at which changes in the graded
composition can be made to better define the graded layer
thicknesses critical for making PV device structures. These
necessary capabilities and flexibilities are unique to the
ENABLE growth capability.

By carefully optimizing film epitaxy and controlling sources
of contamination in the source gas streams and in the Ga
and In evaporators, we now routinely grow semiconduct-
ing In Ga, N films with background carrier concentration
in the low 10¥cm range. These low levels are necessary
for p-type doping of the films. Intrinsic InGaN-related films
show carrier mobilities in the 100 to >500 cm?/Vsec range
suitable for fabricating prototype PV devices.

P-type doping of GaN with a high concentration of ac-
tive Mg is now well established, and solid results indicate
successful p-type doping of high-In-content InGaN films.
These results are unique for high-In-content InGaN films
and have not been reported in the literature. Spectrally
resolved electroluminescence measurements (EL) indi-
cate that Mg can be doped into InGaN at In contents up
to ~50% yielding bright, tunable band edge EL. Electrical
transport measurements have verified the formation of

our first functional p-n junctions in InGaN films. These
steps are all critical for creating functional PV devices and
optimizing their efficiencies, particularly since n- and p-
type doped In-rich InGaN films are needed for the bottom
of our PV device structure (see Figure 1).

In addition, we have designed a new ENABLE source and
will be moving our ENABLE technology to a new MBE sys-
tem that will allow us to routinely grow InGaN-related thin
films over larger substrate areas. Over the course of this
project, we have successfully transitioned our substrates
from one cm?areas to 5 cm diameter substrate wafers (~20
cm?area), the standard size for research grade devices.
Routine growth on much larger substrate sizes (20 cm di-
ameter) will facilitate the low-cost fabrication of efficient
PV devices.

The growth of high-quality high-In-content InGaN on crys-
talline and polycrystalline silicon substrates has also been
demonstrated. These experiments yield highly-crystalline
InGaN films. On crystalline Si, InGaN film quality is simi-
lar to that observed for growth on sapphire (see Figure 2
above). Once optimized, the ability to grow InGaN-related
thin film materials on inexpensive Si substrates will signifi-
cantly reduce the costs of PV devices by providing a path
forward for adding value to existing Si-based PV device
architectures.

This project’s significant accomplishments can be sum-
marized as follows. Our goals were to develop a new
materials system, InGaN, and use this material to create

a new type of high efficiency PV device. On the materials
side, we have solved numerous material challenges and
now grow the highest quality In-rich InGaN materials in
the world. Compositional grading of InGaN is now routine
and reproducible over a broad range. All of these materi-
als have excellent crystallinity and uniform stoichiometry.
The In and Ga compositions are tunable over a very broad
range with either fixed and/or graded compositions, show
bright band edge photoluminescence, have low carrier
concentrations and reasonably high mobilities, and can be
grown on sapphire and Si substrates. On the device side,
we have demonstrated p-type doping of GaN and In-rich
InGaN, grown p-n junctions in GaN and In-rich InGaN,
shown EL from p-n junctions, and observed PV activity
from a GaN p-n junction. The In-rich InGaN films still need
further improvements to reduce the background (intrinsic)
carrier concentrations to levels suitable for demonstrating
active p-n junctions and for fabricating the full PV devices
structure shown in Figure 1. We have succeeded in reduc-
ing these levels by more than an order of magnitude dur-
ing the last year of this project, but an additional factor of
two to three is still needed to achieve our ultimate goal of
~30% efficiency for graded composition PV devices.

Preliminary results show a clear path to making device-
quality compositionally-graded InGaN materials. One of
our first tasks is to further improve (reduce) the prototype
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PV devices. High-quality compositionally graded InGaN will
be grown over well-defined, relatively narrow composition
ranges optimized for performance in single junction PV
devices and these devices will be fully characterized. These
graded InGaN films will also be grown on Si substrates and
fabricated into working PV devices to measure their overall
efficiency. Our ultimate goal is to achieve ~30% PV effi-
ciency for these graded composition devices and explore
fabricating these devices on inexpensive substrates.

; ‘ <002> InGaN oo cany  ENB-306 60 | ENB-306
| el [\! |
— ] 1
g'mt <0 sogn % a0/ | =—0.19 eV Shift
= 8 0! I J
s o | FWHM=027ev!
& Ing 35Gag gsN g 20 i
o . .
. 2 104 |
: by i 01w "
30 32 34 36 38 40 42 15 20 25 3.0 35 4.0
[<002> inGaN ENB.313 80 ) ENB-313 |
100004 <002> GaN —_ ! {
i E 70 I 1
=, 1 60 I
5'0001 e % 0 |=——0.23 eV Shift
E 1001: §' a0 :
2 230 FWHM = 0.20 eV {
s | Ing 33Gap N g I ;
£ 104 8 1 |
i Z10

] !
3 32 34 36 I 40 42 15 2.0 2.5 3.0 35 4.0

25 ' .
100000 IS8 G ENB-317 E ! ST
20/ I 1
|
151 | 0.16 eV Shift
=006> Saph |
|

FWHM =0.25¢eV |
Ing.36Gag s |

Intensity (arb)

Intensity (counts/ms)
3

S— 1 I ey ]
34 38 3B 40 42 15 20 25 30 35 40
@-20(%) Wavelength (eV)

Figure 3. X-ray diffraction scans (left column) and photolu-
minescence spectra (right column) of a series of ~500nm
thick InGaN films grown by ENABLE showing the <0002>
diffraction peak (left column) and bandgap luminescence
(right column). These films had In compositions of 35% to
38%. ENB-306 (top) was grown at 570°C, ENB-313 (middle)
was grown at 530°C, and ENB-317 (bottom) was grown

at 490°C. The dashed lines indicate energy shifts in the PL
spectra (right column) from the expected position of the
bandgap luminescence based on the composition deter-
mined from the XRD scans.

Impact on National Missions

The results of this research will directly support LANL and
DOE core missions in national energy security and threat
reduction by developing a new electronic and photonic
material system. Applications for semiconducting InGaN
materials range from photovoltaics with unprecedented
efficiency and lower costs, to efficient LEDs for solid state
lighting, and to efficient high-speed/high-power switch-
ing electronics. These areas are all key elements in several
DOE programs including the Solar America Initiative, Solid

State Lighting, and Innovative Manufacturing. Solving the
numerous technological challenges in making and testing
these new materials and devices has built a foundation for
expanding this effort in to a much larger program. The re-
sults of this project will position us to compete for follow-
on funding from DOE (e.g. DOE/BES, ARPA-E, and EERE ini-
tiatives) to expand this effort into a much larger program.
There are also many DOD programs interested in a broad
range of applications including satellite power, battlefield
systems, communication systems, and sensing with po-
tential sponsors including DARPA, DITRA, and others. This
project has built an exceptionally strong capability in the
general area of advance materials science including syn-
thesis, defect control, and semiconductor properties, all of
which utilize and expand upon existing capabilities at LANL.
In addition to direct science and mission relevance, having
the capability to make advanced materials and to design
and build devices utilizing their unique properties will pro-
vide the basis for an expanded program in semiconductor
sensor development. In the long term, the results of this
project will have important consequences for our nation’s
energy security, national security, and environment.
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Abstract

The ability to simultaneously exploit the ability for opti-
cal excitations of electrons in noble metals (plasmons)
within interacting particles to generate surface en-
hanced Raman signals, within particle assemblies with
photonic bandgap properties, has the potential to dra-
matically improve sensitivity and selectivity of new opti-
cal-based sensing modes. This project targeted the de-
velopment of nanoparticle assemblies aimed at realizing
such sensing improvements. At the same time, it would
build on the goal of arriving at a better understanding
of how interparticle interactions can drive enhanced
optical processes. To this end, we focused on routes to
generating two-dimensional (2-D) assemblies of interact-
ing particles and structures. This involved developing
new routes to synthesis of a range of plasmonic and
magnetic nanoparticles and substrates. New methods
for flow- and microscopy-based spectral characteriza-
tion of the resultant particles were also developed. New
capability for directed assembly of interacting particles
was generated. The project successfully built new capa-
bility at LANL for nanoparticle synthesis, SERS substrate
development, flow-based nanoparticle characterization,
robust microscopic spectral imaging, electron-beam li-
thography, and routes to directed assembly of complex
nanoparticle arrays.

Background and Research Objectives

Optical excitation of surface electrons (plasmons) within
multiple interacting metal nanoparticles can result in
huge amplification of associated surface enhanced Ra-
man (SERS) responses from adsorbed molecules, provid-
ing single-molecule sensitivity. Gaining a fundamental
understanding of these interparticle plasmonic interac-
tions is essential for future exploitation of this phenom-
enon for next-generation sensing needs. Engineering
such plasmonic nanoparticles into ordered arrays that
also exhibit tunable photonic bandgap properties (with
well-defined optical resonances) will present a novel
system for exploring optical behaviors that will provide
new modes for sensing opportunity. Our broad goal was
to probe, understand, and manipulate the interparticle
and particle-photon interactions required to realize a

functional plasmonic/photonic material hybrid. Our pro-
posed multi-pronged approach consisted of three inter-
connected focus areas:

1. Fundamental understanding of the interparticle
plasmonic interactions responsible for hot spot gen-
eration would be investigated through controlled
2-D and 3-D assembly of particle aggregates.

2. Plasmonic particles would be assembled with long-
range 3-D order to generate and characterize an
easily manipulated dynamic photonic material that
is SERS active.

3. We would incorporate elements into the dynamic
plasmonic/photonic lattice to impart a chemore-
sponsive route to lattice manipulation and demon-
strate its potential as a novel concept in SERS-based
sensing.

Scientific Approach and Accomplishments
The overall goal of this proposal was to develop novel
approaches to nanoparticle aggregate formation using
SERS activity as a metric for successful particle geom-
etries. This work utilized several parallel approaches
for particle synthesis and manipulation. The work was
organized along the lines of particle synthesis, particle
characterization, and approaches to particle manipula-
tion. Ultimately, challenges associated with goals two
and three as listed above forced a re-focusing of our ef-
forts onto goal number one.

Particle Synthesis

The primary goal was to produce multifunctional par-
ticles that match spectroscopic signatures with suitable
physical traits for efficiently manipulating inter-particle
interactions. Realization of self-assembled plasmonic
photonic lattices requires synthesis of multilayered,
multifunctional particles with complex surface chemis-
try. The synthetic aspect of this work therefore involved
development of techniques for generating magnetic and
plasmonic nanoparticles. These must be integrated in

a core-shell geometry. Methods for generation of com-
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plex particle geometries and surface functionalization are
also necessary.

We have developed synthetic approaches for generating
simple colloidal particle systems, and also the develop-
ment of new particle structures that have promise in SERS
applications. We have demonstrated the synthesis of solid
noble metal (Au and Ag) colloidal systems as well as core-
shell nanoshell geometries as effective SERS active materi-
als. These particles would be the primary particles of in-
terest in the 2-D and 3-D aggregate assembly experiments.
Our core-shell architectures have an oxide central core
(silica) that is encapsulated by a thin metallic shell (gold).
Development of these nanoparticles revealed detailed light
mediated reaction pathways that have not been previously
reported and is the subject of a manuscript in preparation.

As an extension on this initial particle work, we have also
developed several synthetic routes to magnetic plasmoni-
cally active particle architectures. In this area, significant
work has gone into developing colloidal Fe,0, particle
systems with overall diameters on the order of 100nm. At-
tempts at these particles were only marginally successful,
in that we generated Fe,O, materials that are magnetically
active. However, the particle sizes and morphologies were
highly heterogeneous and not suitable for magnetic self-
assembly. Additionally, in parallel, we successfully devel-
oped several alternate routes to similar superparamagnetic
materials. We have been successful in creating silica core
particles that have been decorated with small (~¥10nm) iron
oxide particles that act as nucleation points for subsequent
metallization (see Figure 1). We also used larger iron oxide
particles (~18nm) to serve as the central core of an oxide-
metal, core-shell particle system. These particles have
been extensively characterized for overall homogeneity in
size and morphology. In a side collaboration, the 10 nm
superparamagnetic particles were critical in our ability to
generate novel heterstructures with carbon nanotubes [1].

—
Au(OH);

TEOS

Figure 1. Depiction (top) of and SEM images of actual syn-
thesized magnetic/gold nanoshell hybrid structures. SEM
images show (from left to right) individual Fe, O, nano-
particles, silica core with iron oxide particles attached, iron
oxide functionalized bead with overlayer of silica shell, final

gold-coated magnetic core hybrid.

As part of our efforts to generate complex multifunctional
particle geometries with tailored surface functionaliza-
tion, we also demonstrated the ability to combine multiple

particle types into a larger assembly on support bead
structures (see Figure 2) [2]. The goal in this case was to
increase the range of spectral responses available with
SERS-active nanoparticle spectral tags (SERS-tags). Indi-
vidual tags were generated by adding a Raman-active dye
label to the surface of a plasmonic nanoparticle. The tag
is coated with a silica shell, which was then functionalized
with a bioreceptor molecule. Three different types of tags
were generated. We demonstrated the ability to generate
more complex spectral signatures through controlled as-
sembly of different ratios of the three tags at the surface
of a support bead. The self-assembly was driven by strong
bioreceptor interactions available with appropriate func-
tionalization of the bead and tag surfaces.
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Figure 2. Left: Depiction of build-up of surface enhanced
Raman spectroscopic encoder bead. Beads are assembled
by first generating SERS tags from aggregated silver colloid
that has been functionalized with a spectral dye. The SERS
tags are then bound to silica support beads. Tags with dif-
ferent spectral signatures may be co-assembled in different
ratios to give varying spectral signatures as shown by the
examples on the right.

In addition to colloidal synthetic approaches, we have stud-
ied surface-directed growth of metallic nanoparticles in an
attempt to reveal inter-particle interactions in-situ as the
particles are nucleated and formed. This parallel approach
has the significant advantage over colloidal solutions in
that we are not required to manipulate the particles once
they are formed; the surface dictates how the particles
interact. These studies use conducting polymer thin films
to reduce metal ions to zero valent metallic particles. The
subsequent particle morphologies formed on the polymer
surface are found to be highly dependent on the polymer
processing conditions and solution properties of the metal
ions. However, conditions producing long (10_m), thin
(100nm) Ag sheets were found to produce extremely large
and consistent SERS responses (Figure 3). Such features
are rarely found concurrently on traditional SERS active
materials. From these materials, we estimated an overall
enhancement in the Raman signal to be on the order of
107. This ranks these materials among the best overall SERS
active materials to date.

212



Figure 3. SEM image of SERS active Ag nanosheets formed
on a polyaniline thin film.

We have published several papers on this work in FY10
and FY11 [3-6]. This technology was awarded a patent
(US#7,786,037) and we are working with TT division to
explore these materials as potential sensors for a variety
of analyses. Additionally, these materials have received
significant interest at LANL for sensing explosive residues.
We are conducting proof of principal experiments for
DTRA sensing needs, and will present results at an upcom-
ing conference in November. Overall, this aspect of the
project was successful in developing a SERS active material
that outperforms all other materials in terms of cost, signal
intensity, material design flexibility, and uniformity. We
hope to transition this work into external funding opportu-
nities over the course of FY12.

Particle Characterization

In an addition to our project scope we used recent ad-
vances in full-spectral flow-based analysis of nanoparticles
to observe spectroscopic signatures of plasmonic nano-
particles at the single particle level. This newly-developed
high-throughput instrumentation enables multi-parametric
spectral analysis of 100s of particles per second. This
enabled us to assemble particle structure-property rela-
tionships using statistically relevant particle population
sizes. In many ways, this flow-based work is merely a 1-d
extension of the 2-d and 3-d manipulation approaches
proposed in this project. This work not only drives cutting
edge instrument development, but also has resulted in a
publication (as the May 5th cover article) in the Journal of
the American Chemical Society, “High Resolution Analysis
of Individual Surface-Enhanced Raman-Active Nanoparticle
Spectral Tags in Flow” [7]. In addition to allowing probing
of fundamental particle properties, the new instrumenta-
tion also promises to be a powerful new tool for advancing
development of a variety of nanoparticle types.

Particle Manipulation/Directed Assembly

As an alternative to the polymer-based SERS film synthe-
sis, we also pursued the use of directed assembly of nano-
particles into patterned wells as an approach to defining
particle interaction geometries. These two converging
approaches enabled us to generate metal nanostructures
on a surface with varying degrees of complexity. The idea
is to first generate lithographically patterned wells of spe-
cific geometries. Once the wells have been generated, the
plasmonic nanoparticles of interest would be drawn into
the wells. Interaction geometries would be defined by the
well shapes and sizes.

Significant challenges had to be overcome to pursue this
directed-assembly route. The first hurdle was to do a
complete overhaul of the electron-beam patterning instru-
ment. The instrument was made fully operational by the
end of the first year. A first generation of patterned ar-
rays were then generated with the e-beam lithography to
create the desired patterns in polymer thin films. It was
hoped the polymer films would be suitable as substrates,
since they would allow rapid prototyping of our arrays.
However, these films were found to be unstable to the
nanoparticle solutions. Once a pattern was exposed to the
nanoparticle solutions, many particles would irreversibly
stick to the surface, making these patterns only usable for
one particle deposition. To get around this limitation, we
began transferring the pattern to a silicon/silicon oxide
substrate via reactive ion etching. This resulted in robust
patterns of silicon oxide that could be reused for different
nanoparticle preparations simply by washing the bound
particles with strong acids. Examples of patterned surfaces
are shown in Figure 4.
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Figure 4. SEM image of various lithographically patterned
well types on Si/SiO, substrate.
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The final and most difficult hurdle for this project was de-
termining a protocol for depositing the plasmonic nanopar-
ticles onto the patterned surfaces. We initially attempted
spin coating and dip coating, however, the relatively hydro-
phobic nature of the surface resulted in highly aggregated
particles that were deposited as the solvent (water) evapo-
rated. These aggregates did not follow the fabricated pat-
terns on the surface. The next approach involved a custom
device that would draw a blade over the patterned surface
at a predefined height above the surface. When the particle
solution is placed on the surface, the blade compresses the
solution droplet. As the blade is drawn across the surface,
the resulting meniscus is drawn out across the patterned
surface and the particles get trapped in the patterns. The
drawing speed, height of the blade, concentration of the
particle solution, and hydrophobicity of the surface were all
found to affect the resulting deposition. With proper tun-
ing, this approach was found to work marginally well. We
were able to trap particles at the surface, which reasonably
followed the patterned surfaces. However, not all of the
patterns were filled, and not all of the filled patterns were
filled with identical nanoparticle aggregates (Figure 5). Re-
finements to this technique were being explored at the end
of FY11, with only nominal improvements to the pattern
fill rate. No SERS microscopy was performed on these pat-
terned samples; with the observed fill rates, we expect the
Raman signals to resemble metal dimer and trimer spectra
that have been reported previously.

Figure 5. Polarized light micrograph of Ag nanoparticles on
a patterned silicon surface.

Overall, this aspect of the project had limited SERS results.
It has, however, significantly increased the fabrication
capabilities at LANL. The techniques utilized for particle
patterning have been demonstrated to work extremely
well for micron sized particles, yet when scaled down to

the nanometer regime, the deposition rules begin to break
down. Most likely this is due to stabilization forces (pri-
marily electrostatic) on the colloids tending to repel the
particles from the patterned surface. In fact, much of the
chemistry used to synthesize the particles is intended to
keep the particles in solution in the most stable manner
possible. For FY11, we were able to explore several as-
pects of tailored surface patterned nanoaggregates, how-
ever, the spontaneous synthesis of Ag aggregates (Figure 3)
was found to be much more effective at generating usable
SERS signals.

Impact on National Missions

Our goal was to address DOE’s need for development of
advanced functional nanomaterials. DOE is also interested
in materials that function at the nano-bio interface. Our
plasmonic bandgap materials were targeted at ultimately
being functionalized to interact with bioanalytes at the
nanoscale. These materials also could have applications
relevant to mission areas in other government agencies.
While ultimately we were unable to produce the targeted
materials within the project, we were successful at build-
ing a number of new capabilities that will be important for
advancing LANL missions. These include:

We have developed a mature capability for both plasmonic
and magnetic nanoparticle synthesis. This includes genera-
tion of SERS spectral tags that may be used for multiplexed
bioanalysis. This capability is also being extended into
applications of interest to NN20 as authentication tags for
securing strategic materials . Our magnetic nanoparticles
also served as a basis for development of a magnetic car-
bon nanotube hybrid material. The need to evaluate SERS
properties of our materials at the micron scale served to
further strengthen LANL's capabilities in Raman microscopy
and spectral imaging. Multi-parameter spectroscopic flow-
based particle analysis arising from these efforts promises
to be a powerful new tool for rapid characterization and
feedback for enhancing particle synthesis. Acquisition

of a spatial light modulator for 3-D particle trapping will
strengthen efforts aimed at building complex composite
assemblies of nanomaterials within the Center for Inte-
grated Nanotechnologies (CINT, a DOE BES funded nano-
science research center). New lithographic patterning
capability was also built within Chemistry division. Finally,
as highlighted above, our polymer-based SERS substrate
development is proving quite successful and is forming

the basis for new external sponsorship of sensing tech-
nologies. These substrates are also enabling new work at
CINT aimed at understanding plasmonic interactions with
excitons and how plasmons can be use to drive new photo-
physical behaviors in quantum dots and carbon nanotubes.
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Abstract

The melting of ice as it is warmed is a well-known phase
transition, in this case from a solid to a liquid. Transitions
such as this are driven by a change in temperature and
their physics is well understood. A very different type of
phase transition is possible at absolute zero tempera-
ture. Because there can be no change in temperature

to drive the transition, the melting of an ordered phase
(analogous to ice) into a disordered phase (analogous to
liquid water) is driven by principles of quantum mechan-
ics. Though seemingly irrelevant to everyday life, these
so-called quantum-phase transitions pose fundamental
guestions about how we understand matter and, more
importantly by answering these questions, have the po-
tential to increase significantly the rate at which energy
technologies develop. The goal of this project has been
to understand more fully the nature and consequences
of quantum-phase transitions. Using experimental tech-
niques unique to Los Alamos, we have discovered un-
expected relationships between quantum-phase transi-
tions and superconductivity as well as new superconduc-
tors and a new state of matter. These accomplishments
respond directly to the national need to discover and
understand how collective states of matter emerge from
complex correlations among electrons, one of five grand
challenges identified by the Department of Energy, Of-
fice of Basic Energy Sciences and a core theme of the
Laboratory’s materials strategy.

Background and Research Objectives

The solid to liquid transition that takes place when a ma-
terial is heated arises because thermal energy supplied
by the increase in temperature causes atoms in the solid
to fluctuate so significantly that it becomes energeti-
cally favorable for the atoms to randomize their position
in space. This example of a classical phase transition
from ordered to disordered states is analogous to what
happens when the temperature of a magnetic material
is raised above its ordering temperature. In this case,
thermal energy does not disrupt the periodic arrange-
ment of atoms. Instead, increasing temperature causes
the periodic arrangement of magnetic moments, or
equivalently the periodic orientation of electron spins,

to melt and become randomly oriented. These classi-
cal phase transitions are very well understood, and we
know that fluctuations of the spin arrangement affect
physical properties of the material only in a very narrow
temperature region around the critical phase-transition
temperature [1].

It also is possible for the spin arrangement in a magnetic
material to melt at absolute zero temperature (T=0). In
this case there is no thermal energy to induce magnetic
melting. The phase boundary between magnetically
ordered and magnetically disordered states in this case
must be accessed by some non-thermal control parame-
ter, such as applied pressure, magnetic field or chemical
substitution, as illustrated in Figure 1. When the control
parameter is adjusted toward its critical value where the
magnetic-non-magnetic transition occurs, quantum-me-
chanically driven fluctuations become increasingly im-
portant in controlling physical properties of the material.
Likewise, at the critical value of the control parameter
(the quantum-critical point), decreasing temperature to-
ward T=0 causes quantum properties of the magnetism
to become increasing dominant [2]. The fundamental
physical principle underlying the quantum nature of this
type of T=0 phase transition is Heisenberg’s uncertainty
principle which states that, if we know the energy E and
momentum q of the magnetic configuration to high ac-
curacy AE and Ag, then the time and position of the
state cannot be determined with accuracy better than
At=h/AE and Ax=h/Aq, where h is Planck’s constant.
Consequently, at the T=0 quantum-phase transition At
and Ax become very large and fluctuations of the mag-
netic state are long-lived and long-ranged.

By definition, the presence of long-ranged, long-lived
fluctuations with no long range order implies the pres-
ence of a huge amount of entropy at low temperatures,
and this is reflected in part by a corresponding diver-
gence of specific heat (and an anomalous temperature
dependence of other physical properties) as tempera-
ture decreases toward T=0. Remarkably, the fluctuations
from this T=0 transition influence materials proper-

ties over a broad temperature range, well above T=0,
which is distinctly different from the limited influence
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of fluctuations near a classical phase transition. A further
consequence of this huge entropy is that the system may
remove part of it, and thus save energy, by undergoing an-
other phase transition to some other long-range ordered
state, possibly a new type of magnetic order, supercon-
ductivity or even an entirely new type of order. Which, if
any, of these possible outcomes are realized depends on
the nature of the quantum-critical state and associated
spectrum of quantum fluctuations. Currently, there are
two general classes of theories of quantum criticality. The
conventional model is a quantum extension of the well-
established theory of classical phase transitions [3]. In this
model, only quantum fluctuations of the near-by magnetic
order are relevant and this gives the fluctuations a particu-
lar momentum (q) dependence and, hence, a particular
anisotropy in real space. More recently, several models of
unconventional quantum criticality have appeared, with
the common feature that they are local in nature [4]; that
is, they have no momentum dependence (no real space
anisotropy) and allow for quantum fluctuations of mag-
netic as well as electronic states of the material.

Certain classes of lanthanide (4f-electron) and actinide (5f-
electron) materials have emerged as prototypes for discov-
ering and exploring magnetic quantum-phase transitions,
though evidence for quantum criticality has been found in
a few transition-metal (3d-electron) materials [2]. A com-
mon feature of all these materials is that they host strong
electron-electron correlations. The complexity inherent

to such strong correlations makes the ordered states that
they host particularly sensitive to small perturbation, and
consequently, those ordered states can be tuned to a T=0
ordered-disorder transition with relatively modest pres-
sure, magnetic field or chemical composition. Because of
the strong influence of quantum fluctuations near their
T=0 transition, conventional descriptions of the behavior of
electrons breakdown, demanding entirely new conceptual
frameworks. Despite over a decade of experimental and
theoretical study, there still is no consensus on what that
description should be. Nevertheless, one of the most in-
triguing experimental observations is that superconductiv-
ity in these strongly correlated electron materials appears
almost exclusively at or near a magnetic quantum-phase
transition [5]. This striking fact has led to speculation that
guantum fluctuations of the magnetic order are respon-
sible for producing the attractive interaction between
electron pairs that results in superconductivity. The possi-
bility that quantum fluctuations of magnetic order mediate
superconductivity is in stark contrast to the well-estab-
lished conventional theory of superconductivity in which
thermally-driven fluctuations of the crystal lattice provide
the attractive interaction. Whereas, the conventional
mechanism of superconductivity appears to limit the maxi-
mum temperature to which superconductivity survives to
of order 50 K or so, there is, so far, no apparent limit to
the maximum superconducting temperature in materials
where fluctuations of magnetic order create electron pairs
[6]. Though the highest magnetically-mediated supercon-

ducting transition temperature T_is about 180K, the appar-
ent lack of an upper bound for T_with this mechanism has
strong scientific and energy-security implications.

With these opportunities in mind, we have had the goal of
exploring the origin and consequence of quantum-critical
fluctuations, particularly in regard to their relationship to
superconductivity.
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Figure 1. Schematic temperature versus tuning param-
eter phase diagram for a magnetic system. Crossing the
magnetic phase boundary by increasing or decreasing
temperature (dashed arrow) defines a classical phase tran-
sition. A quantum-critical transition between magnetically
ordered and magnetically disordered states occurs at zero
temperature at a critical value of the tuning parameter
where the magnetic boundary reaches T=0. Fluctuations
emanating from the quantum-critical point control physical
properties of the material over a broad temperature range
above T=0 and may be responsible for inducing a dome

of superconductivity (SC) in strongly correlated electron
materials. When superconductivity is present, it hides the
quantum-critical point, which can be revealed in high mag-
netic fields.

Scientific Approach and Accomplishments
Anisotropy in physical properties, such as the electrical
resistivity and specific heat, provide critical insights into
the nature of the quantum-critical state as well as into the
nature of possible superconductivity that appears from

it. To this end, we have developed and applied a unique
technique that is based on a vector-magnet in which the
applied magnetic field can be rotated in any direction with
respect to the axes of a crystal. This special magnet ac-
commodates a *He refrigerator with base temperature of
0.30 K and simultaneously a pressure clamp that gener-
ates hydrostatic pressures to 3 GPa. We have used these
capabilities to study strongly correlated 4f- and 3d-electron
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systems that are tuned to a quantum-phase transition by
applied pressure, magnetic field or chemical substitutions.
The materials selected for study were chosen to display a
necessary variety of possible outcomes. Three were very
pure crystals of 4f-electron materials CeRhin, (cerium-rho-
dium-indium5), CePt In_ (cerium-platinum2-indium7) and
Celrln (cerium-iridium-indium5), where the first two might
exhibit unconventional quantum criticality and the third
possible conventional criticality. Other materials included
Cd-doped CeColn, (cadmium-doped cerium-colbalt-indi-
umb5), to study the effects of disorder, and a new family of
3d-electron compounds CaFe As, (calcium-iron2-arsenic2)
and chemically doped BaFe As, (barium-iron2-asenic2).

As discussed below, applied pressure or chemical doping
induces unconventional superconductivity. On an absolute
scale, the superconducting transition temperature of these
systems is not high, but relative to the characteristic ener-
gy scale of electrons that form the superconducting state,
theses T’s are as high as the highest T's known.

An expected hallmark of unconventional criticality is a

lack of anisotropy in electrical resistance and a sub-linear
temperature dependence of the resistivity. We found these
hallmarks in CeRhln, at its pressure-tuned quantum-critical
point P2 [7]. At atmospheric pressure, the moments of Ce’s
localized 4f-electrons order antiferromagnetically. With
increasing pressure, the magnetic ordering temperature T
initially increases and above 1GPa begins to decrease to-
ward T=0 at an extrapolated critical pressure P2=2.35 GPa.
Before reaching this critical pressure, superconductivity
develops, first coexisting with magnetic order for P<1.75
GPa and then reaching a maximum T_at P2. This pressure-
induced superconductivity hides the QCP that is revealed
in a magnetic field sufficient to completely suppress the
superconductivity. Measurements of the specific heat Cin
the superconducting state as a magnetic field was rotated
relative to crystal axes provided detailed information about
the symmetry of the paired superconducting electrons.
Our measurements found a four-fold oscillation of C that
indicates an unconventional form of superconductivity,
specifically one with dxz-yz symmetry [8]. The lack of elec-
trical anisotropy, a sub-linear temperature dependence of
resistivity and a strongly enhanced scattering rate of elec-
trons at P2 implied that fluctuations from this unconven-
tional quantum-critical transition are responsible for induc-
ing unconventional superconductivity. Though theory has
suggested that fluctuations from a conventional quantum-
critical transition might produce unconventional electron
pairs, our discovery was the first to show that fluctuations
from an unconventional, local-type of quantum critically
also could induce superconductivity very effectively. Fur-
ther, our discovery of pressure-induced unconventional
guantum criticality and unconventional superconductivity
in CePt,In_ showed that CeRhin_ was not unique, a crucial
step in establishing the generality of our conclusions [9].

In the pressure range below P1, where antiferromagnetic
order and unconventional superconductivity coexist, we

found that the T_measured by electrical resistance was
always higher than that measured by specific heat. This
difference disappeared once magnetic order disappeared
above P1 (in zero magnetic field). From measurements of
anisotropy in the electrically measured T, we discovered
the superconductivity was ‘textured’ , that is, developed a
new symmetry different from that of the underlying crystal
structure [10]. We further showed that this new state of
matter appears to be a general consequence of coexisting
orders in strongly correlated electron superconductors, a
conclusion with broad and significant implications for de-
signing new superconductors for energy applications.

At atmospheric pressure, CeColn, is quantum critical, with
all of its properties consistent with a conventional type

of criticality. Unconventional (dxz-yz ) superconductivity
develops directly out of this critical state, but replacing a
very small number of In atoms with Cd induces coexisting
antiferromagnetic order, and with slightly more Cd, there
is only antiferromagnetism. Compared to CeRhin_ under
pressure, Cd-substitution acts in many respects as an ef-
fective negative pressure. Indeed, adding positive pressure
to Cd-doped CeColn, antiferromagnetic samples induces
superconductivity and appears to just reverse the effects of
Cd substitutions. Surprisingly, though, we discovered that
under these pressure conditions Cd-doped CeColn, does
not recover the quantum-critical state of pure CeColn..
Instead, the Cd atoms nucleate short-range antiferromag-
netic order by ‘stealing’ entropy from the spectrum of
guantum fluctuations [11]. An effect such as this also may
be the clue for resolving a controversy over the relation-
ship between quantum criticality and high-T_superconduc-
tivity in copper-oxide materials because chemical disorder
is necessary for their superconductivity.

The relationship among magnetism, quantum criticality
and superconductivity in Celrin_has been controversial.
Our field-angle specific heat measurements on CelrIn, at
high pressures showed that even at high pressures the su-
perconductivity was unconventional, with dxz—yz symmetry
[12]. Though there is no long-ranged magnetic order coex-
isting with this unconventional superconductivity, there is
a pronounced difference between T_measured by resistiv-
ity and specific heat, just as in CeRhlIn, at P<P1. From inde-
pendent measurements, we concluded that this difference
arises from the coexistence of some form of ‘hidden order’
that coexists with superconductivity. This hidden order ap-
pears to be similar in nature to the so-called pseudogap
state in the high-T_copper oxide superconductors, and
quantum fluctuations from it may play a role in producing
superconductivity.

In another class of correlated electron materials, those
based on the 3d-electron element iron, we discovered
superconductivity in CaFe As, as its antiferromagnetic and
structural transitions were tuned toward T=0 by applied
pressure [13]. Though more complex than the 4f-electron
systems discussed above, these studies, including nuclear
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magnetic resonance measurements under pressure [14],
are consistent with magnetic fluctuations in a phase of
coexisting structures being important for superconductiv-
ity. The complication of a pressure-dependent structural
change, however, made it impossible to determine the
nature of the quantum-critical state in this material. Be-
sides pressure, chemically doping the related compound
BaFe,As, also suppresses magnetic and structural transi-
tions toward T=0 where superconductivity emerges. In a
collaboration, we used time-resolved optical spectroscopy
to reveal a precursor state to superconductivity [15],
analogous to that found in Celrin,, and further we showed
from specific heat studies that the symmetry of supercon-
ducting electrons was unconventional [16].

Collectively, accomplishments in this project have revealed
new and unexpected relationships between quantum-
critical fluctuations and unconventional superconductivity
in classes of complex materials as well as the emergence
of new states of matter in proximity to a quantum-phase
transition. These discoveries define a new framework for
understanding how collective states of matter emerge
from complex correlations among electrons.

Impact on National Missions

Besides making progress toward one of DOE’s five grand
challenges for science and the imagination, we have identi-
fied essential interactions, namely quantum fluctuations,
as important for high temperature superconductivity, a
DOE basic research need. Beyond critical new knowledge,
these insights define a path forward to designing new ma-
terials with emergent properties that will enable technolo-
gies needed to ensure the energy security of the nation.
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Abstract

Complex series of chemical reactions driven by extreme
conditions are difficult to resolve experimentally. We
have developed theoretical and computational methods
and the supporting code ‘LATTE’ to provide LANL with
the capability to resolve and predict reactions in organic
materials over very short time scales using molecular
dynamics (MD) simulations. We have implemented a
semi-empirical description of interatomic bonding that is
computationally tractable and which maintains the accu-
racy of fully quantum mechanical methods. Large-scale,
long duration MD simulations require interatomic forces
to be computed rapidly, preferably with a computational
cost that scales linearly, O(N), with the number of atoms,
N. We have developed and implemented a number of
advanced algorithms that enable the rapid computation
of high quality, quantum-derived forces. Heterogeneous
computational architectures based on graphics process-
ing units (GPUs) were utilized to accelerate force com-
putations. The performance of LATTE on a single GPU
was shown to exceed that measured on multiple central
processing unit (CPU) cores with highly optimized codes.
We have also accomplished the O(N) scaling of the force
calculations using sparse matrix algebra with a numerical
threshold on matrix elements. The use of the extended
Lagrangian Born-Oppenheimer MD formalism eliminated
the systematic drift in the total energy seen in many
guantum-based MD methods and allowed us to capture
accurately the effects of endo and exothermic chemistry
during reactions. A number of challenging simulations of
shock-induced chemistry were performed using LATTE
with an accurate and transferable model that was devel-
oped for hydrocarbons. The new capabilities for theory,
simulation, and hybrid computation that the develop-
ment of LATTE have granted LANL have led to major new
research efforts supported by the LDRD program at LANL
as well as the DOE-BES.

Background and Research Objectives

The making and breaking of individual chemical bonds
occurs at the atomic scale over extremely short time
intervals. Thus, if a complex series of chemical reac-
tions are driven rapidly by a violent stimulus, during,

for example, the detonation of an energetic material,
the sequence of events becomes extremely difficult to
resolve by experiment alone. The intermediate stages
through which complex reactions pass, noting that there
are often many potential routes between products and
reactants, are critical to understanding many aspects of
the overall outcome of the process [1]. As a result, com-
puter simulations of chemical reactions are being used
increasingly to resolve and predict reaction pathways
since simulations access naturally the pertinent spatial
and temporal scales [2, 3].

Molecular dynamics (MD) simulations involve comput-
ing trajectories for ensembles of atoms by moving each
atom according to the force acting on it incrementally
over a large number of time steps, _t [4]. These forces
are derived from an interatomic potential that gives the
energy of the system as a function of the relative posi-
tions of all of the atoms. The ability of a MD simulation
to capture with high fidelity the system of interest is de-
termined almost entirely by the physical accuracy of the
interatomic potential. The development of better, more
efficient interatomic potentials for organic materials
formed the central thrust of this project.

Interatomic potentials form a hierarchy in terms of their
physical accuracy and the speed at which forces can be
computed. Ideally, potentials that describe very accu-
rately the details of interatomic bonding in complex ma-
terials would also enable forces to be computed rapidly
such that long duration simulations with large numbers
of atoms could be tackled. Unfortunately, a trade-off
must always be made between accuracy and the size of
the simulation. Fully quantum mechanical formalisms
such as Hartree-Fock or density functional theory [5] set
the gold standard in terms of accuracy, but these meth-
ods are computationally very expensive and hence not
suited to large-scale simulations. Furthermore, the com-
putational cost scales as the cube, O(N3), of the number
of atoms, N, such that around ten times more computing
power is required when the number of atoms doubles
[6]. On the other hand, empirical potentials enable very
large simulations since they are computationally cheap,
exhibit an ideal linear scaling, O(N), and are well suited
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to implementation on parallel supercomputers [7]. How-
ever, these methods are based on simple functional forms
that are fitted to reproduce the results of experiments or
guantum mechanical calculations. As a result, their accu-
racy is often limited outside of the scope of the data that
was employed in their construction [5].

The approach taken in this project to modeling organic
materials exploits the middle ground between these two
extremes. We have pursued a semi-empirical description
of bonding that is derived from density functional theory
where we maintain the predictive capabilities associated
with quantum mechanics but approximate and parameter-
ize a number of hard-to-calculate terms [5, 8]. Approaches
of this type have been shown to be around 1000 times
faster than fully quantum mechanical models.

We focused our work on interatomic potentials based on
the self-consistent tight-binding approximation [8]. This is
the simplest explicitly quantum mechanical scheme that
captures all of the most important interactions in organic
materials: the making and breaking of covalent bonds, the
transfer of charge between species of differing electrone-
gativity, long-range electrostatics, and weak van der Waals
interactions. Our aim was to turn this method into a practi-
cal tool for large-scale MD simulations by implementing it
in a code using state-of-the-art algorithms and computa-
tional methods to overcome well-known bottlenecks and
to achieve O(N) scaling. These aims were met and greatly
exceeded over the duration of the project.

The principle deliverable of this project is the MD code
‘LATTE’ (Los Alamos Transferable Tight-binding for Ener-
getics) [9]. This code has been made publically available
under the Gnu Public License. The scope of the theoreti-
cal and computational work increased over the project to
encompass the extended Lagrangian Born-Oppenheimer
MD formalism that enables a precise conservation of the
total energy [10, 11], the development of a simple scheme
to mimic in periodic systems the effects of shock compres-
sion, the utilization of hybrid computational architectures,
in particular graphics processing units (GPUs) [12], and the
first example of O(N), energy conserving Born-Oppenheim-
er MD [13]. We also developed parameterizations for or-
ganic materials that were employed in realistic simulations
of shock-induced chemistry [14].

Scientific Approach and Accomplishments
Accurate and transferable quantum-based MD employing
interatomic potentials based on the self-consistent tight-
binding formalism [8] have been implemented in the code
LATTE [9]. This code was written from scratch over the du-
ration of the project and has been released to the scientific
community. This code serves not only as our workhorse to
produce meaningful MD simulations of chemical reactions
under extreme conditions, but also as a test bed for the
development of new theoretical and computational tools
for quantum-based MD.

Self-consistent tight-binding requires the solution of the
Schrodinger equation for the density matrix with a param-
eterized Hamiltonian that depends on both charge transfer
and the overlap between valence orbitals centered on
each atom [5]. The total energy and forces can be comput-
ed rapidly once the density matrix is known, but the com-
putation of the latter is by far the most time-consuming
step in the simulation. The density matrix is typically com-
puted by the diagonalization of the Hamiltonian matrix.
This complex algorithm has undesirable O(N3) scaling and
is difficult to parallelize [6, 13]. We have implemented in a
LATTE a number alternative methods that are very much
simpler and well-suited to acceleration via parallelism or
implementation in a O(N) scheme.

The optimal scheme for calculating the density matrix was
found to be the second-order spectral projection purifica-
tion (SP2) algorithm [13-15]. This is based on an expansion
in a recursive series of matrix-matrix multiplications. The
multiplication of two matrices is an O(N?3) task, but it is sim-
plicity makes it an obvious target for optimization. One of
our most notable successes, and one which has provided
us with an entirely new capability, is the use of GPUs and
heterogeneous computing to accelerate this step [12].

Modern general purpose GPUs offer exceptional levels of
raw performance, which is amplified further when normal-
ized by their cost and power consumption. These aspects
have made them extremely attractive for use in next-
generation supercomputers. However, algorithms must be
rewritten to run on the new architecture. We have ported
the entire SP2 algorithm from the central processing unit
(CPU) to GPUs using Nvidia’s CUDA language [12]. It was
necessary to pursue the revolutionary approach of port-
ing the whole algorithm rather than the evolutionary ap-
proach of calling kernels on the GPU from the CPU in order
to minimize the data transfer between the two devices. We
present in Figure 1 a comparison between the wall clock
times required to compute the density matrix on a single
GPU to that for a parallel CPU implementation running on
12 cores with highly optimized mathematics libraries. Here
it is evident that the performance of the SP2 algorithm on
GPUs far exceeds those measured on the CPU. These re-
sults emphasize the importance of tailoring algorithms to
hardware to extract the maximum levels of performance
from both.

The use of GPUs is particularly attractive when a significant
fraction of the elements in the density matrix are non-
zero. However, this dense matrix algebra approach leads
unavoidably to undesirable O(N3) scaling of the compu-
tational cost. We have successfully implemented another
approach that takes advantage of those density matrices
that have a large fraction of their elements equal to zero
[13]. This sparse matrix approach, where only the non-
zero elements are stored and operated upon, yields an
O(N) scaling of the computational time since the number
of non-zero elements is proportional to N [6]. We have
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taken this approach a step further where we enforce high
levels of sparsity by discarding elements from the density
matrix whose absolute value is smaller than a user-defined
threshold at each step in the recursive SP2 algorithm. This
has the effect increasing the sparsity in the density ma-
trix and hence decreasing the computation time. We plot
the wall time required to compute the density matrix for
liguid methane as a function of problem size in Figure 2
using regular diagonalization, the SP2 algorithm in dense
matrix form, and in sparse matrix form with three differ-
ent thresholds, _. It is clear that not only does the sparse
matrix implementation yield O(N) scaling, but it also yields
a level of performance that exceeds the O(N3®) methods by
several orders of magnitude. While discarding matrix ele-
ments may seem to be a drastic step in order to speed up
calculations we measure only tiny errors in the interatomic
forces that drive the MD simulations.
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Figure 2. Time per density matrix calculation for liquid methane
using diagonalization and the SP2 algorithm in dense matrix al-
gebra and sparse matrix algebra with a numerical threshold.

An unanticipated but very profitable research direction
during the project was the implementation in LATTE of the
LANL-developed extended Lagrangian Born-Oppenheimer
MD formalism [10-14]. Born-Oppenheimer MD [5], of
which our scheme is an example, tends to exhibit system-
atic drifts in the total energy unless interatomic forces are
computed to an impractical level of accuracy. Systematic
drifts in the total energy require the addition of a thermo-
stat to a simulation to control run-away heating, but this
step would hide temperature changes caused by the endo-
or exothermic reactions we aim to study. The extended
Lagrangian Born-Oppenheimer MD formalism provides a
solution to the systematic drift of the total energy by intro-
ducing time reversal symmetry in the propagation of the
electronic degrees of freedom during a MD trajectory. In
Figure 3 we present trajectories computed with and with-
out the extended Lagrangian formalism [13]. The trajectory
that employs the extended Lagrangian Born-Oppenheimer
MD formalism conserves the total energy precisely when
only one self-consistent field (SCF) optimization is per-
formed during the computation of the forces per MD time
step. The other trajectories show strong systematic drifts
in the total energy that persist even when ten SCF cycles,
at ten times the computational expense, are performed
per time step. We have also demonstrated that the ex-
tended Lagrangian Born-Oppenheimer MD formalism is
sufficiently robust that the total energy conserved even
when approximate forces computed from the O(N) scheme
are employed [13]. This result opens a new paradigm in
guantum-based MD as it shows for the first time that there
are no conceptual limits to the scaling of these types of
simulations.
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Figure 3. Conservation of the total energy during extended
Largrangian Born-Oppenheimer MD (XL BOMD) with 1 SCF
cycle per time step, and regular Born-Oppenheimer MD
with 1, 2, 4, and 10 SCF cycles per time step.

We have developed a parameterization of our self-consis-
tent tight-binding model for hydrocarbons — those com-

pounds that contain only carbon and hydrogen. The small
number of adjustable parameters in the model were fitted
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to the results of a series of quantum mechanical calcula-
tions. We assessed the transferability of the model by
testing its predictions for the energy and geometry of 45
molecules from 12 functional groups against the results of
highly accurate quantum calculations. These tests revealed
an average error of only 1.62 % and demonstrated our
model is a very capable description of the complexities of
organic chemistry [14].

Our new computational tools were applied in the study

of shock-induced chemistry in two simple liquid hydro-
carbons, ethane and ethene [12]. The effects of shock
compression were mimicked using a technique developed
during the project. These simulations showed, as expected,
that the fully saturated ethane molecule is relatively inert.
However, the simulations showed that at a relatively low
threshold ethene undergoes a radical chain polymerization
reaction. This reaction was seen to progress via a number
of stochastic exothermic polymerization events that led to
a run-away reaction once the temperature had reached a
threshold value. These results are summarized in Figures 4
and 5, where the former shows a snap shot from a simula-
tion of liquid ethene at an intermediate stage where about
half the molecules have polymerized, and the latter shows
how our simulations conserve accurately the total energy
even during chemical reactions and strong exothermic
temperature changes.

Figure 4. Snapshot from a LATTE simulation of the shock
compression of liquid ethene. The black and red spheres
correspond to unreacted carbon atoms and those that are
part of polymer chains, respectively. The small spheres are
hydrogen atoms.
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Figure 5. Temperature (a) and total energy (b) during a
shock compression simulation of liquid ethene. The total
energy exhibits no discontinuities or systematic drift dur-
ing the evolution of exothermic chemical reactions in the
liquid.

Impact on National Missions

The development of the quantum MD code LATTE and the
realization of a capability for performing highly accurate
simulations of organic materials under extreme condi-
tions with O(N) expense have led already to new research
programs at LANL. Simulations using LATTE comprise the
main theoretical thrust of the FY11 LDRD-DR project “First
Reactions: Simple Molecule Chemistry Behind the Shock
Front,” PI: D. Dattelbaum. Here we move beyond the code
and method development stage undertaken in this project
to large-scale ‘production’ runs. Moreover, LATTE’s role as
a test bed code for the development new theoretical and
computational methods supported work that resulted in
the project “Next Generation First Principles Molecular
Dynamics,” PI: A. Niklasson, that was funded by the DOE-
BES. Our foresight in pursuing GPU implementations of our
algorithms has made our work very relevant to a number
of LANL and external efforts related to the development
of computing at the exascale. Our capabilities in these ar-
eas, including the team assembled under the auspices of
this project, have the potential to impact many areas of
ongoing research. Our overall goal of providing LANL a tool
that enables a significant improvement in the quality and
predictive capabilities of simulations of organic materials
under extreme conditions is of obvious benefit to LANL's
core missions.
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Abstract

The ideal solar cell would convert every bit of energy

in photons originating from the sun into usable energy.
We proposed a completely novel approach which would
“milk” a small amount of energy from solar photons in

a most unobtrusive fashion. We proposed to develop a
new class of truly transparent solar cells using organic
semiconductors. A transparent solar cell is designed to
have > ~85% transmission in the visible region of the
solar spectrum. Although transparency necessarily de-
creases the maximum possible efficiency of the cell, it
enables two specialty applications: windows and stealth.
A transparent solar cell for windows is designed to use
window glass as the substrate for the solar cell and thus
reduce costs associated with fabrication and installation.
Many of the materials required for transparent solar
cells are already used in high performance windows and
transparent solar cells can be designed to also function
as low-e window coatings. Transparent solar cells for
stealth applications are designed to provide power in ap-
plications where the solar cell should be difficult to de-
tect; for example, it can be added to an existing surface
to provide power for surreptitious electronic devices.

Background and Research Objectives

The basic requirements for a transparent solar cell are
relatively straight forward. To be an efficient transparent
solar cell, the cell must collect photons outside the visi-
ble spectrum, either in the infrared (IR) or the ultraviolet
(UV). The solar spectrum has a large amount of energy in
the IR and much less in the UV. The ideal output power
of a solar cell is largely determined by its short circuit
current and open circuit voltage. Each photon contrib-
utes one carrier to the short circuit current and the open
circuit voltage is limited by the energy gap (~ absorption
threshold) of the material. There is thus a tradeoff be-
tween collecting more photons, which requires a lower
energy gap, and increasing the output voltage, which re-
quires a higher energy gap. This tradeoff leads to a theo-
retical maximum power efficiency of 31% for a material
with an energy gap of 1.35 eV (920 nm). For transparent
solar cells, we estimated the maximum theoretical pow-
er efficiency of an IR solar cell which has an absorption

band from 1350 nm to 700 nm to be about 20%. In con-
trast, the maximum theoretical efficiency of a UV solar
cell with an absorption band starting at 400 nm is only
about 3%. The 20% IR theoretical efficiency compares
well to the maximum theoretical efficiency of 31% for
the entire solar spectrum.

The goals of this work were to demonstrate, for the

first time, a truly transparent solar cell by exploiting the
unique electronic structure of organic semiconductors,
and to understand and optimize the electronic structure
of these materials for this application. Technologically,
organic semiconductors are of increasing importance for
large area low cost applications such as displays, solid
state lighting, large area electronics, and solar cells.
From a scientific perspective, organic semiconductors
offer a model system for studying multiscale physics
involving, for example, the properties of individual mol-
ecules and their solid state intermolecular interactions.

Scientific Approach and Accomplishments
We used a closely coupled fabrication/measurement/
theory approach to demonstrate and optimize trans-
parent organic solar cells. We fabricated specialized
material test structures and prototype solar cells to un-
derstand the semiconductor and device parameters that
control the cell performance. Simultaneously, the elec-
tronic structure and optical properties of these organic
semiconductors were calculated and the results used

to interpret the test structure and device performance
and, most importantly, to guide materials design modi-
fications needed to maximize device performance. We
used our established relationships with organic chemical
companies to obtain new, specialized organic semicon-
ductors. The project naturally divided into work focusing
on two tasks: 1) understanding the relevant properties
of the organic semiconductors and 2) designing and fab-
ricating solar cells made from these materials.

The organic semiconductors we worked with are naph-
thalocyanine compounds that are transparent in the
visible spectrum and absorb strongly in the near infra-
red. We explored two major types of naphtalocyanine
compouds: those that can be solution processed and
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those that can be thermally evaporated in vacuum. Solu-
tion processing is a very low cost method of producing thin
films and electronic devices but the chemical purity of the
materials can be difficult to control. Thermal evaporation
in vacuum is also a low cost technique for device fabri-
cation and it has the advantage that the materials used
may be purified by a variety of sublimation techniques.
The solution processed materials are part of the family of
octabutoxy naphthalocyanines (OctNc). We made chemi-
cal substitutions to the base OctNc molecule by adding a
central metal atom or varying the ligands attached to the
naphthalocyanine core to control the molecule’s absorp-
tion in the infrared. The vacuum processed materials are
part of the family of naphthalocyanines (Nc) where we
again made chemical substitutions to control the molecu-
lar optical properties. These two classes of molecules are
very similar as they share the naphthalocyanine core. In
addition to their processing and purity differences, the
two molecular families have very different intermolecular
interactions in the solid state. In the solid state, the ab-
sorption of the smaller, vacuum evaporated molecules can
red shift by ~ 100 nm, significantly improving their infrared
response. In contrast, the absorption properties of the
solution processed molecules are essentially unchanged in
the solid state. We performed theoretical calculations of
the electronic structure of these molecules to understand
them and design new molecules with improved properties.

We fabricated and tested transparent, organic solar cells
using these naphthalocyanine compounds as the critical,
infrared absorbing layer. Indium tin oxide (ITO) was used
as a transparent electrode. When combined with special
surface layers, ITO can function as either an electron or
hole injecting material. This is critical to retain the high
transparency required in these devices. We used very thin
layers of C60 to dissociate excitons produced in the Nc
layer and we have also explored large energy gap organic
semiconductors such as bathocuproine to serve as an exci-
ton blocking layer. The device results are very encouraging.
We made structures that are > 80% transparent through-
out the visible spectrum and have strong absorption in the
infrared (IR). These devices have near ideal IR quantum
efficiency, i.e. every photon absorbed produces one elec-
tron of photocurrent. This work has now been published in
four Applied Physics Letters articles, one Journal of Physical
Chemistry A paper, and widely disseminated in the trade
journal Laser Focus World.

Impact on National Missions

This work contributed to enhancing national energy se-
curity, a key DOE mission area. The ability to incorporate
solar cells into conventional windows, using many of the
materials and coatings already used in high performance
windows, could provide an economic method to deploy
solar cells.
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Abstract

The main focus of this project has been the study of the
reduction of carbon dioxide or carbon dioxide surrogates
using new uranium complexes as catalysts. The reaction
and conversion of acid to hydrogen using similar urani-
um compounds has also been examined. These are both
examples of difficult, multielectron chemical reactions
that have the potential to generate usable fuel materials
from renewable resources. Success in either of these en-
deavors will teach us how to perform some of the most
difficult chemical reactions that have been proposed

as the foundation of a carbon neutral fuel cycle. Using
actinide chemistry to solve these types of problems has
never been demonstrated and is only conceivable now
because of the new and unusual types of compounds
that have been synthesized and studied. The synthesis of
a series of uranium compounds that span the 4+, 5+ and
6+ oxidation states has been achieved and represents a
significant advance in fundamental uranium chemistry.
These compounds have allowed us to begin to explore
the use of uranium compounds in multielectron transfer
reactions. This work will be used to predict what struc-
tures will be more efficient catalysts and it will provide a
better understanding of how these reactions occur. The
principles that we uncover with this work will be appli-
cable to the broader subject of how to perform chemical
reactions that proceed only with the input of more ex-
ternal energy than is possible with simple heating.

Background and Research Objectives

The chemistry of uranium is dominated by the chemistry
of uranyl compounds (Figure 1). These uranium 6+ com-
pounds have been known for over 100 years and their
chemistry is crucial to obtain the material necessary for
many of the industrial uses for uranium. These process-
es include: the extraction of uranium from its ore, the
processing of nuclear fuel and the disposition of spent
fuel and waste from nuclear reactors. Relative to uranyl
compounds, much less is known about the chemistry of
the other oxidation states of uranium; U3*, U* and U>*.
This project has been focused on developing the chemis-
try of uranium in these less studied oxidation states.

Uranyl compounds Bis(imido)uranium(V1)
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Figure 1. Structures of uranyl and bis(imido)uranium(Vl)
compounds.

The multi-electron transfer reactivity of uranium (eg.
from lower to higher oxidation states) is poorly under-
stood because a series of uranium compounds having
the same ancillary groups bound to uranium in a range
of oxidation states does not exist. One objective of this
project was to synthesize a series of compounds with
common structures that would enable us to investigate
transformations between oxidation states without con-
current structural changes in the molecules. With a fam-
ily of lower valent uranium compounds, we could study
multi-electron transfer reactions with simple substrate
molecules to understand the fundamental reactivity of
uranium. Thus, investigating the use of lower valent
uranium complexes (U**, U* and U**) to effect the reduc-
tion of carbon dioxide or of acid to hydrogen is a good
vehicle to understand the redox chemistry of uranium
while also investigating a problem that is of national and
global concern.

We believed that we could synthesize the necessary
family of uranium compounds by using the bis(imido)
U(VI) compounds in Figure 1 [1] as starting materials.
These compounds are the nitrogen analogues of uranyl
compounds but differ significantly because they possess
the attractive property of having different and inter-
changeable NR groups. Changing the group bound to
nitrogen allows the synthetic chemist to change the re-
dox properties of uranium (electronic effects) as well as
the size of the group bound to uranium (steric effects).
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By making these changes the range of possible reactivities
can be determined and controlled. With the uranyl ion,
such changes are not possible since there is no way to vary
the electronic or steric properties of the oxygen atoms. It
was our fundamental premise that changing the identity of
the NR group would result in the synthesis of compounds
that can exist in the multiple oxidation states that are nec-
essary to investigate the use of uranium as a redox catalyst.

Scientific Approach and Accomplishments
Early on in this project, we were able to synthesize and
characterize a series of new uranium bis (imido) complexes
whose reactivity we investigated. The successful synthesis
of this series of U(V)-U(V) dimer complexes (Figure 2) has
allowed us to investigate their reactivity with carbon diox-
ide and hydrogen as a function of ligand. During this work,
computational analysis of these dimers suggested that the
single f electron on each U metal should interact with one
another via a spin pairing interaction (antiferromagnetic
coupling). This was demonstrated experimentally and is
only the second molecular actinide complex that shows
such electronic interactions and resulted in a publication in
Angew. Chem. Int. Edn. [2]. The synthesis of the series of
derivatives including iodide, bromide, chloride and aryl su-
fide compounds has allowed us to learn how the nature of
the ligands affect the ability of the U atoms in these com-
pounds to undergo electronic communication.

Figure 2. Synthesis of U(V)-U(V) dimer.

We have also investigated the reactivity of the U(V)-U(V)
dimers with respect to their ability to be oxidized to U(VI)
complexes. These compounds react with weak oxidants
such as silver salts and elemental sulfur and selenium. The
products are generally not accessible via other synthetic
techniques and include the first examples of U(VI) atoms
that are bridged by sulfur or selenium atoms. Controlling
the stoichiometry of the reactions determines whether
single atom or multi-atom bridges are formed [3].

We have also begun to investigate the use of polydentate
mono- or di- anionic ligands with the bis(imido)U(VI) metal
framework. The intention was to design a ligand set which
facilitates the reduction of U(VI) to mononuclear U(V) or
U(IV) complexes whose reactivity with hydrogen or carbon
dioxide could then be investigated. [4] Electrochemical
studies of these compounds did not demonstrate revers-
ible reduction of the U(VI) halide complexes, though reduc-
tion obviously occurs. Furthermore, reaction of the halide
compounds with chemical reductants results in the forma-
tion of the dimers or intractable, reduced materials. The

focus of the project then turned to generating mononu-
clear, uranium(IV) and uranium(V) imido complexes to be
able to investigate, understand and control the chemistry
of these unusual molecules.

Investigating the reaction chemistry of the bimetallic, U(V)-
U(V) complexes has led to the synthesis of U(IV) mono
imido complexes through a very unusual conproportion-
ation reaction with U(lll) complexes as shown in Figure 3,
Equation 1 [5]. This revealed that simple U(IV) mono imido
complexes are in fact stable and has led us to discover fac-
ile, high yielding syntheses of a family of U(IV) mono imido
complexes, Figure 3, Equation 2 that originate from readily
available U(IV) starting materials and which are formed

in very high yields. The reaction chemistry of these new
molecules demonstrates that the compounds readily un-
dergo multi-electron transfer chemistry forming U(VI) com-
plexes rather easily. One example of this is the reaction
with oxygen to generate the U(VI) (oxo)(imido) complex; a
compound that is effectively a hybrid of the uranyl and the
U(VI) bis(imido) complexes. It appears that the formation
of the U(VI) compounds provides a significant driving force
for the reaction thereby facilitating the multi-electron
transfer reactivity of these species.

'B”%R ]"3“
N

B =

“~ r|u ::/N :

R
| N i
N e THF,
s THF 2l
\:}‘u% SN, *2USTHRY 2 Rbipy —— 4 U o
|
R

. N = ~ HE L4 | N
| N | B |
R
| By
'Pr@'lﬂr
THF

M
———————
Xtals, CH,Cly Rl --,,f’u\\.-"ICI (@
a” | “No=ppn,

O=PPhy

UCI4(TPPQ), + TPPO + 2 LiNH

Figure 3. Synthesis of U(IV) mono(imido) complexes.

We have also been able to generate a U(IV) bis-imido com-
plex that is extremely reactive. While this compound has
not been isolated, its reaction chemistry is consistent with
our hypothesis that it is (or at least reacts as) a bis(imido)
U(IV) material. This compound is a molecular analogue

of uranium dioxide. This compound is an extremely rare
example of a molecular species that is effectively a solu-
blized chunk of an extended, ionic solid. This complex
readily forms the mono-nuclear U(VI) bis(imido) complexes
through the reaction of halogenated organic compounds
via halide abstraction, Figure 4, Equation 1. It also reacts
with the N-H bonds of amines to give oxidized, U(VI), prod-
ucts, Figure 4, Equation 2. The most likely reduced species
in this reaction system are the protons of the amine. This
reaction suggests that U(IV) imido complexes are capable
of reducing protons (acid) to hydrogen gas. Unfortunately,
we have not yet been able to obtain irrefutable evidence
for the formation of hydrogen gas in this reaction.
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Figure 4. Synthesis and reactivity of U(IV) bis(imido) com-
plexes.

Most recently, we have discovered that the reaction
between the U(IV) bis(imido) species and a stoichiomet-
ric amount of organic halide gives novel U(V)bis(imido)
complexes in high yield, Figure 5, Equation 1 [6]. These
compounds have provided us with an opportunity to in-
vestigate the simple one electron oxidation to the U(VI)
bis(imido) complexes. We have also been able to observe
reversible electrochemistry between the U(V) and U(VI)
complexes from which we have learned a great deal about
the differences in the U=0 and U=NR bonds.
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Figure 5. Synthesis of U(V) bis(imido) and reactivity of U(IV)
mono(imido) complexes.

Finally, we have discovered that the U(IV) mono(imido)
complexes react rapidly with isocyanates or carbon dioxide
through electrphilic attack on the imido nitrogen atom, Fig-
ure 5, Equation 2. These addition complexes demonstrate
that there is significantly more negative charge on the
nitrogen of the imido group in the U(IV) compounds than
the U(VI) compounds. While the products of the reaction
between carbon dioxide and the U(IV) compounds are not
clean, the formation of uranyl complexes as one product

of this reaction shows that reduction of the carbon dioxide
has occurred. This demonstrates the reactivity potential of
lower valent uranium species with even rather unreactive
molecules such as carbon dioxide and confirms the possi-
bility of using uranium species as redox catalysts for carbon
dioxide.

The difference in the reaction chemistry of the U(IV) vs
U(VI) imido species is caused by significant differences in
the properties of the U=N bond in these compounds. This
contradicts the long-held belief that the bonding in ac-
tinide compounds is primarily ionic in nature and relatively
invariant with oxidation state. These results provide signif-
icant experimental proof of the variability of the reaction
chemistry of uranium as a function of oxidation state and
suggest that other chemistries can be developed that take
advantage of these differences. Such fundamental infor-
mation could be used to design new schemes for actinide
separation processes in which changing the chemistry by
changing the oxidation state could be used as the crucial
factor that controls the separation.

In summary, during the course of this project several
families of new uranium compounds in the +4, +5 and +6
oxidation states have been synthesized. These compounds
have been demonstrated to undergo reactions in which
acid and carbon dioxide have been reduced. While no new
catalysts for hydrogen production or carbon dioxide re-
duction have been discovered, the fundamental reactivity
that is necessary for these types of processes has been ob-
served. Furthermore, the new compounds have provided
fundamental insight into the nuances of bonding in ura-
nium and actinide complexes in general. Qualitatively, the
observed extreme reactivity of some of these compounds
demonstrates that the simple theories of actinide bond-
ing and reactivity are clearly incorrect. The ability of these
molecules to undergo oxidation reactions has allowed us
to begin to understand the redox reactivity of uranium.
Surprisingly, this reaction chemistry is not well developed
despite the fact that uranium has 4 stable oxidation states.
It is likely that the standard ligand systems that have been
used throughout the historical development of uranium
chemistry have not allowed this redox chemistry to occur.
It is the combination of the imido ligand with the other
ancillary ligands that we have used that has allowed us to
investigate this chemistry and exploit it for potentially in-
teresting reaction chemistry.

Impact on National Missions

This project supports the U.S. drive for energy security
and to maintain a safe nuclear stockpile by enhancing our
understanding of actinide coordination and organometal-
lic chemistry. The work supports DOE energy security and
nuclear weapons missions.
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Abstract

Natural abundance Isotope Ratio Mass Spectrometry
(IRMS) has the ability to answer many of the require-
ments for chemical, biochemical, and nuclear (CBN)
threat attribution. Recent approaches using IRMS tech-
niques have focused on measuring the relatively large
Primary Kinetic Isotope Effect (PKIE) that occurs during
chemical bond cleavage and formation in simple low
carbon number molecules; however, it was recognized
that the global carbon isotope value (i.e., the average
isotope ratio of all carbons (**C/**C) in a molecule as
measured by IRMS) is not unique. It is affected by at
least three variables: the PKIE related to C-N bond cleav-
age/formation, incomplete reaction (starting materi-
als, intermediates, and products), and the initial global
IRMS carbon isotope value of the starting materials. This
demonstrates the inherent limitation of using a single
global IRMS ratio measurement when attempting to at-
tribute multistep, multivariate, and complex processes
typically used to process (synthesize, isolate, and purify)
chemical, biochemical, and nuclear materials. The key
requirement for accurate forensics attribution lies in the
ability to differentiate subtle differences in processing
techniques while simultaneously identifying signatures
for the overall batch production pathways employed.
We have demonstrated that a new signature measure-
ment capability, Site-specific Natural abundance Isotope
Fractionation Nuclear Magnetic Resonance spectroscopy
(SNIF-NMR) has the requisite precision for the quantita-
tive measurement of natural abundance carbon isotope
variations at the molecular site-specific level (i.e. isoto-
pic substitution at specific sites within the molecules).
Using this advanced capability we have measured and
identified Non-Covalent Isotope effects (NCIE) (i.e.,
isotope effects that do not involve covalent bond break-
age or formation) in several systems such as distillation,
chromatography, and extraction. Furthermore, we have
shown that the inter- and intra-molecular interactions
that occur during processing techniques are responsible
for these unique NCIE signatures. Unfortunately, our
preliminary work demonstrated that our theoretical
understanding of this phenomenon is lacking. Conse-
guently, development of preliminary approaches to link

computational models to theory and experiment are
necessary. While this reserve project did not accomplish
our overall scientific goal of developing a fundamental
understanding of the physical organic principles that
influence and/or control the “communication effects in
isotopic fractionation” resulting in NCIE, we believe that
our preliminary efforts have moved in the correct direc-
tion and support our contention site-specific signatures
will address many forensics capability needs.

Background and Research Objectives

The goal of this research was to begin to interpret and
understand how molecular-scale natural abundance iso-
topic distributions in molecules, subject to chemical, bio-
chemical, or nuclear processing techniques, are altered
by the processes they experience and what signatures
they produce. Our initial efforts focused on measuring
natural abundance carbon isotope variations (**C/**C ra-
tios) at the molecular site-specific level (i.e. isotopic sub-
stitution at specific carbon sites within the molecules)
and establishing a framework to begin to understand
what influences the natural abundance isotopic distribu-
tions so they can be used as signatures. We now have
the requisite precision to measure, at the molecular
site-specific level, natural abundance isotope substitu-
tions by coupling LANL's unique site-specific quantitative
Nuclear Magnetic Resonance (SNIF-NMR) and Isotope
Ratio Mass Spectrometry (IRMS) capabilities. We have
demonstrated that these small, yet measurable differ-
ences in stable isotope substitutions (which may include
carbon, nitrogen, oxygen, sulfur, and hydrogen), can

be correlated with specific processing techniques and
environmental interactions. Experimentally, this was ex-
tremely successful and generated significant enthusiasm
related to site-specific isotopic analysis that will result in
submission of a note to Langmuir. However, much less
data is available to develop the underpinnings required
to fully connect the observed measurements with theory
and demonstrate a viable computational approach. Con-
sequently, this research attempts to define and delineate
such a computational approach. By initially employing
simple models, we will establish that the requisite preci-
sion can be obtained to computationally predict, suc-
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cessfully and robustly, the magnitude and direction of the
observed site-specific carbon isotope variations. Accurate
measurement and interpretation of unique stable isotope
signatures at specific molecular sites can address many
forensics capability needs by uniquely tracking and report-
ing the molecule’s environmental history. Our overarching
hypothesis is that an understanding of the theoretical basis
that causes atomical isotopic fractionation will provide a
predictive forensic tool to attribute threats by identifying
unique molecular fingerprints imposed by the processes of
synthesizing, isolating, compounding, and/or purifying.

Scientific Approach and Accomplishments
This research focused on defining a computational and
experimental approach required to accurately predict,
successfully and robustly, the magnitude and direction

of observed site-specific isotope variations in molecules
subject to NCIE. We have successfully demonstrated that
IRMS global measurements, coupled to SNIF-NMR mea-
surements produce site-specific *C/*2C ratios that have
the requisite precision (< 1 per mil) for differentiation be-
tween states and identification of unique isotope patterns.
A SNIF-NMR/IRMS study of tri-butylphosphate [P(=0)
(0-C,-C,-C,-C,),] from multiple manufacturers and produc-
tion lots (ten separate samples) clearly demonstrated that
each carbon in the butyl chain had a different 3C/*2C ratio
that was lot and sample dependent (Figure 1). While car-
bon site-specific values (C, C,, and C, of the butyl group)
showed AC/**C of ~3 to 4 per mil over this entire series of
ten samples, the global IRMS values differed by only < 0.4
per mil. This result reinforces our observations regarding
global IRMS values for attribution and signature develop-
ment in that they are not reliable for many materials.
While additional experimentation is necessary, preliminary
analysis indicates that one carbon, C,, is relatively invari-
ant compared to the other three and could be used as an
internal standard for comparative quantitation.

In order to establish if the oft-used, but phenomenologi-
cal, Rayleigh equation is capable of describing the increas-
ingly complex site-specific isotopic fractionation processes
we have observed in our previous separations using distil-
lation or extraction; we attempted to fit distillation curves
using a classical Rayleigh approach. Figure 2 shows a plot
of the acetone component of an azeotropic distillation of
a ternery mixture of acetone, methanol, and chloroform
where SNIF-NMR of the acetone component successfully
measured the site-specific **C/*?C ratios of the methyl and
carbonyl groups. Distilled sample fractions of the constant
boiling mixture are not expected to show the changes in
isotopic fractionation in the isotopologues that are actually
observed in Figure 1. No a values could be identified that
would allow the classical Rayleigh equation to reproduce
the acquired data. Thus, a more sophisticated approach is
required.
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Figure 1. Selected site-specipic carbon isotope ratios in tri-

n-butylphosphate samples from different manufacturers
and lots.
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Figure 2. Change in carbon fractionation for acetone in a
ternary azeotrope upon distillation and removal of equal
volume fractions. Fractionation of the methyl (blue) or
carbonyl (gray) of acetone is not modeled successful by the
Rayleigh equation.

Traditional views of isotopologue thermodynamics (e.g.
fractionation between phases) are often based on the
notion that isotopic substitution leads to changes in (pri-
marily) the zero point vibrational energies, which in turn,
control the thermodynamic properties. It is often assumed
that the intermolecular potentials (electronic configura-
tions) are unaffected by the isotopic substitutions. We
examined this assumption with regard to site-specific
isotopic substitution wherein small changes in intermo-
lecular potentials could contribute to the subtle changes in
properties observed upon substitution. Furthermore, it is
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not absolutely clear that changes in vibrational states are
absolutely required in order to cause some observed be-
havior, such as fractionation between fluid phases. These
guestions were explored using a very simple fluid model.
Specifically, vapor-liquid of a square well fluid was calculat-
ed. The square well fluid has a hard sphere intermolecular
potential combined with an attractive well and is the sim-
plest intermolecular potential with both an attractive and
repulsive contributions. The well depth was varied to rep-
resent an isotopic substitution while conventional Lorentz-
Bethalot mixing rules were used for interactions between
the distinct isotpologues. Simulations that kept the size of
the hard sphere core constant, while varying the depth of
the attractive well, suggest that behavior such as fraction-
ation can result from non-vibrational changes within mol-
ecules. We envision a short paper based on these results in
the near future.

Consequently, an alternative approach, firmly grounded in
theory, needs to be developed to explain the theoretical
basis for our observation. One approach is to determine if
a proper blending of isotope-specific intermolecular poten-
tials can predict the fractionation observed in a simple gas-
solid adsorption system (Figure 3). While this is the sim-
plest system that we can probe, we were unable to com-
plete simulations with the available software by the ter-
mination of the reserve project. Density functional theory
(Amsterdam Density Functional) was used as our starting
point and trial versions of the software were used to evalu-
ate the software for purchase. Our preliminary calculations
were done with this software without modification even
though the intermolecular potentials are not specifically
designed to account for isotopic substitutions. Neverthe-
less, our preliminary calculations uphold our supposition
that we can do these calculations with sufficient precision
to calculate the small isotopic differences observed.
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Figure 3. Fractionation of carbon dioxide gas on a solid
support.

While our theoretical understanding of equilibrium isotope
fractionation is well founded, development of a compre-

hensive theoretical understanding of NCIE, requires a

new paradigm. These effects are controlled not only by
molecular zero point energy differences, but also by subtle
changes in the electron densities caused by hydrophobic
and hydrophilic molecular interactions (hydrogen bonding;
van der Waals interactions). Thus, the sign and magnitude
of NCIE in condensed phases are closely related to the na-
ture of the intermolecular forces in liquids and solutions.
According to Born-Oppenheimer, electronic structures

are independent of the isotopic distributions of nuclear
mass; however, in contrast to the potential energy surface,
kinetic energy terms are mass dependent. Thus, the total
energy of the system, which includes potential and kinetic
parts, and therefore the associated free energy, is isotope
dependent. For example, the vapor pressure of compound
Xin a solvent can be expressed as

B U
P T Hp[ — J

where wuiis the chemical potential of compound X in mix-
ture S, and . is the chemical potential of compound X in
the gas phase. These chemical potentials depend on both
the chemical structure of X and the solvent mixture. How-
ever, a priori calculation of these chemical potentials is
problematic. It has been shown in H,0-D,0 mixtures that
the complex dielectric has components (relaxation term)
that are linearly related to the mole fraction of isotope;
consequently, we suggest that a dielectric continuum sol-
vation model can be used to parameterize the chemical
potential. While similar models (COductor-like Screening
MOdel — COSMO) have been employed routinely to ap-
proximate solvation effects, they use only a primary and
secondary polarization charge density term. Isotope effects
arising from zero-point vibrations and thermal, vibrational,
and rotational excitations, as well as the translational and
rotational energy of the entire molecule, which also must
contribute to the free energy, are usually ignored. These
contributions can be calculated using a quantum mechani-
cal (QM) approach and we decided to examine a general-
ization of the COSMO-RS model (Real Solvent), re-parame-
terized with multiple descriptors fitted from ab initio QM
calculations to provide a refined expression of molecular
interactions related to isotope effects. The ADF software
includes an implementation of the COSMO-RS program
which was an additional reason we were evaluating the
software.

We applied COSMO-RS to analyze the isotopomers of

the compounds we used in our distillation and extraction
experiments that showed site-specific fractionation. Our
objective was to discern whether a dielectric continuum
approach would be sensitive and precise enough to lend
support to our contention that by re-parameterizing COS-
MO-RS we would be able to generate models that would
estimate and ultimately predict the NCIE that we experi-
mentally observe in site-specific fractionation. Similar re-
parameterization of COSMO to COSMO-SAC (segment ac-
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tivity coefficient) produced an alternative thermodynamic
model similar to COSMO-RS. Consequently, using the ADF
version of COSMO-RS we performed multiple quantum
mechanical (QM) calculations on isotopomers of ethanol,
acetone, chloroform, methanol, etc. and generated iso-
tope specific sigma profiles by choosing all isotopomers
for a given compound. From a high level QM calculation a
sigma profile is generated. The sigma profile is a histogram
of the surface charge density which is molecule specific
and unique. Figure 4 shows the sigma profile of the four
BCisotopomers of ethanol (e.g. *CH,-*>CH,-OH to **CH,-
2CH,-OH) calculated using the COSMOS-RS program with
standard, unoptimized parameters. While it is difficult to
see all four curves, the red and yellow curves clearly show
small but reproducible changes across the histogram that
are only due to isotopic variation in the ethanol. Similar
sigma profiles were obtained from the other compounds
that we have investigated. While the most time consuming
part of these calculations is the QM computation and is
rigorous for each isotopomer, from our preliminary calcula-
tions, parameters such as the cavity size and calculation of
screening charges appear to be isotope dependent their
optimization will improve our results and more clearly dif-
ferentiate between site-specific isotope fractionations.
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Figure 4. Sigma profile of the four isotopomers of ethanol
showing small but reproducible changes due to the isotopic
variations in the ethanol

While this project did not resolve the development of a
comprehensive theoretical understanding of NCIE, it suc-
cessfully demonstrated that classical methods of explain-
ing these subtle isotope effects were unsuccessful and
that our proposed method of using a modified continuum
solvation model to calculate site-specific isotopic fraction-
ation was valid and deserving of additional work.

Impact on National Missions
This research directly supports many National security pro-
grams and strengthens the core mission of reducing global

threats and solving emerging national security challenges
through innovative science-based prediction and signa-
ture development. It is relevant to nuclear, chemical, and
biological threat forensic applications. The emerging field
of site-specific stable isotope signature development has
the potential to be transformational since it may provide a
method to attribute materials without prior knowledge of
their natural abundance stable isotope patterns providing
an understanding of the theoretical underpinnings of NCIE
is achieved.
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Abstract

The many unusual properties of plutonium are direct
consequences of its complex electronic structure. Al-
though there have been significant advances in elec-
tronic structure calculations, the various theoretical
tools have proven inadequate in describing the unusual
behavior of Pu’s 5f electrons. Direct measurement of
electronic structure has been impossible due to the lack
of single-crystal samples of 6-Pu and the required ad-
vanced experimental methods. In this project, we have
re-established LANL's 6-Pu grain growth capabilities and
are in the process of characterizing the product of these
efforts. We have also exercised two new experimental
tools, the proximity diode oscillator at the National High
Magnetic Field Laboratory and resonant inelastic x-ray
scattering at the Stanford Synchrotron Radiation Labo-
ratory, that have produced exciting new results on the
electronic structure of plutonium and plutonium com-
pounds.

Background and Research Objectives

The actinide series marks the development of the 5f
electrons within the valence band, and, in particular,
plutonium’s 5f electrons are tenuously poised at the
edge between bonding and non-bonding configurations.
These nearly degenerate configurations give rise to an
electronic structure that is arguably the most complex
in the periodic table. This complex electronic structure
leads to emergent behavior—all a direct consequence
of its 5f electrons—including six allotropic phases, large
volumetric changes associated with these transitions,
and mechanical properties ranging from brittle a-Pu to
ductile 6-Pu used in nuclear weapons. A first-principles
description of Pu’s electronic structure and the conse-
guences for its equation of state (EOS) poses one of the
most significant challenges to the scientific community
and to the success of DOE’s national security missions.
Despite advances in electronic structure calculations,
such as Density Functional Theory (DFT) and Dynamical
Mean-Field Theory (DMFT), these methods are inad-
equate for explaining nearly all of the unusual behavior
of plu